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INTRODUCTION 
The utilization of heterosis in grain sorghum (Sorghum 
bicolor (L.) Moench) was made possible initially through three-
way hybrids. By using the genetic male-sterility discovered 
in the Day variety, Stephens et al, (1952) proposed a procedure 
for producing three-way hybrids commercially. Following this 
technique, the DeKalb Company marketed the first grain sorghum 
hybrids, three-way crosses, in the mid-50's. In 195^» Stephens 
and Holland reported the discovery of the cytoplasmic-genic 
male-sterility and fertility restorer system in grain sorghum. 
The cytoplasmic-genic system has distinct advantages over the 
genetic male-sterility system, and has made possible the large 
scale production of sorghum hybrids. Despite the fact that 
three-way hybrids also can be produced with the cytoplasmic-
genic male-sterility system, virtually all of the commercial 
grain sorghum hybrids produced have been single crosses. At 
present, single-cross hybrids are grown on nearly all of the 
sorghum acreage in the United States, 
It has been established that stability of performance 
over varying environmental conditions can be a result of 
heterogeneity within the population, or it can be a property 
of specific genotypes. Since a single cross is a homogeneous 
population, it must depend entirely on individual buffering 
for its stability of performance, A three-way hybrid can 
have stability resulting from populational buffering as well 
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as Individual buffering. Evidence that three-way hybrids may 
be more stable in performance over different environmental 
conditions than single-cross hybrids has stimulated sorghum 
breeders to re-evaluate the potentials and performance of 
three-way hybrids. The objectives of this study were to 
evaluate the stability of grain yields across a range of en­
vironments of three-way and single-cross sorghum hybrids, and 
to determine the relative importance of various types of 
genetic effects for grain yield and for stability parameters. 
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REVIEW OF LITERATURE 
The relative stability of production of crop varieties 
across a range of environmental conditions has long been an 
important aspect of plant breeding. The occurrence of geno­
type-environment interaction has posed serious problems in 
breeding for improved performance of crop varieties, and has 
provided a major challenge to plant breeders in obtaining a 
fuller understanding of the mechanisms that affect stability. 
Effects of Population Structure 
The tenn "homeostasis* was proposed originally by Cannon 
(1932) to describe the ability of the human body to develop 
and maintain itself in a steady state in spite of exposure to 
a wide range of environments. The term has been used widely 
as descriptive of the buffering capacity of a genotype or 
population against varying environmental conditions. Recently, 
the word "stability" has been used extensively to describe the 
homeostatic reaction of a genotype or population. 
The. concept of homeostasis was discussed in detail by 
Lemer (195^). Two kinds of homeostasis were recognized, 
namely, developmental homeostasis and genetic homeostasis. 
The former is a property of an individual, whereas the latter 
is a property of a population. Lemer hypothesized that the 
most likely cause for both types of homeostasis in cross fer­
tilizing species lies in the superiority, with respect to fit­
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ness, of the heterozygous over the homozygous genotypes. He 
believed that the evolution of auto-regulation has established 
levels of obligate heterozygosity in Mendelian populations. 
The selective advantage of multiple heterozygotes, because of 
their better buffering and hence smaller deviation from the 
phenotypic optimum for fitness, operates on the level of in­
dividuals. Heterozygosity provides genetic variability to 
protect the population from systematic and nonsystematic 
changes in environment and it Imparts uniformity of adaptive 
phenotypic expression to avoid reproductive waste, 
Lewontin (1957) considered that there are two ways in 
which a population may alter in order to survive a change In 
the environment. First, the genotypic composition of the 
population may be flexible, and second the individuals them­
selves may be homeostatic. The former was referred to as 
populatlonal homeostasis and was based upon genetic diversity 
within the population, whereas the latter was called individual 
homeostasis and may exist in genetically homogeneous 
populations. 
Slmmonds (I962) preferred the term "adaptation" for 
describing the functions of homeostasis. He distinguished 
four kinds of adaptation, specific-genotypic/ general-genotyplc, 
specific-population, and general-population adaptation. 
Specific-genotyplc adaptation was defined as the adaptation of 
a single line or clone to a limited environment. General-
genotypic adaptation referred to the capacity of a genotype 
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to produce a range of phenotypes adapted to a variety of 
environments. The two kinds of population adaptation were 
defined in analogy with those of genotyplc adaptation and were 
considered to be properties of heterogeneous populations. He 
cited considerable evidence which Indicated that adaptation is 
associated with heterogeneity. 
The terms "individual buffering" and "populational 
buffering" were used by Allard and Bradshaw (1964) to describe 
two ways in which a variety can achieve stability of perform­
ance over a range of environments. A stable variety can be 
made up of a number of genotypes each adapted to a somewhat 
different range of environments, or the individuals themselves 
may be well buffered so that each member of the population is 
well adapted to a range of environments. They pointed out 
that individual buffering can be a property of specific geno­
types and not associated with heterozygosity, or it may be 
attributable to the heterozygosity of hybrid individuals. 
Populational buffering is associated with heterogeneity and 
depends upon interactions among different coexisting genotypes. 
They concluded that genetic diversity, either in heterozygotes 
or in mixtures of different genotypes, often leads to stability 
under varying environmental conditions. 
The relationship between heterozygosity and homeostasis 
has been subjected to a number of studies. Evidence from 
experiments with animals Indicates that a relationship exists 
between heterozygosity and homeostasis ( Robertson and 
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Reeve, 1952; Dobzhansky and Wallace, 1953» Thoday, 1955» 
Yoon, 1955» Parsons, 1959» Vetukhiv and Beardmore, 1959)* 
In plants, however, conflicting views on this relationship 
have been reported. 
Adams and Shank (1959) used intra-plot coefficients of 
variation to evaluate the homeostatic reaction of eight groups 
of maize hybrids representing different degrees of heterozy­
gosity. Their data showed a highly significant linear rela­
tionship between the level of buffering and the degree of 
genetic heterozygosity, with high levels of buffering associ­
ated with high levels of heterozygosity. They also found that 
hybrids within the same group for level of heterozygosity 
exhibited significantly different buffering capacity. They 
concluded that a relationship exists between heterozygosity 
and homeostasis, but that the occurrence of heterozygosity 
per se is not the only hypothesis required to account for 
homeostasis. The same conclusion was drawn from other experi­
ments conducted by Shank and Adams (1960). 
A similar experiment was conducted by Rowe and Andrew 
(1964) using five maize inbreds and their P^, first back-
cross, and second backcross generations. Components of vari­
ance due to environment, variety x environment, and error were 
estimated separately for each genotypic group. They found that 
the responsiveness to environments Increased for yield, ear 
height, and plant height with increasing levels of heterozy­
gosity, as indicated by increasing values of the estimated 
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component of variance due to environments and of the regres­
sion coefficients of group mean yield on environmental mean 
yield. The high environmental variance components with in­
creased heterozygosity were due mainly to Irrigation treatments. 
This was explained in terms of a greater capacity of the more 
vigorous heterozygous groups to exploit the favorable condi­
tions provided by irrigations. However, they considered re­
sponsiveness to environments as indicative of a lack of 
stability. 
GriffIng and Langrldge (I963) found that in a self-
fertilizing species, Arabldopsis thallana, the heterozygotes 
possessed a greater mean growth and a greater stability of 
phenotyplc expression than did their homozygous parents, over 
the temperature range used In the study (16-31°C). Differ­
ences were due largely to the superiority of hybrids over the 
parents in the lower and medium temperature range, but more 
importantly to the considerable heterotic expression of the 
hybrids at higher temperatures. 
In an experiment with lima beans conducted over 10 years 
Allard and Workman (I963) observed that homozygotes and hetero­
zygotes tended to contribute more or less equal numbers of 
progeny to the next generation in years when seed yields were 
high. But in poor years, the heterozygotes sometimes con­
tributed more than twice as many offspring to the next genera­
tion as did the homozygotes. 
Williams (I96O) compared the relative level of variability 
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of five quantitative characters in 8 inbred lines and 6 
hybrids of tomato on the basis of their standard deviations 
of the means. He found that both the intra- and inter-
population levels of variability of hybrids fell within 
the range of variability shown by their respective parents. 
He concluded that his data did not suggest any intrinsic dif­
ference between inbreds and hybrids in their ability to buffer 
or to eliminate the environmentally induced variability. 
Similar results were obtained by Jinks and Mather (1955) in 
an experiment with Nicotiana rustica. However, Lewis (195^1 
observed that the P-j^ hybrid of tomato showed greater pheno-
typic stability than did their inbred parents in two tempera­
ture environments. 
In studies with upland cotton (Gossyplum hirsutum L.), 
Kohel and White (I963), and Kohel (1969)1 found no olearcut 
distinction of the within-plot variability between parental 
Inbreds and their P^ hybrids for several characters. Similar 
results were obtained by Quisenberry and Kohel (1971) from 
experiments with interspecific crosses, and they also found 
that the level of ploidy did not significantly affect the 
within-plot variability. They considered within-plot varia­
bility a measure of phenotypic stability, and concluded that 
the cultivated species of cotton that they studied do not 
possess homeostatic systems associated with either homozy­
gosity or heterozygosity. 
Substantial evidence has been reported which indicates 
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that heterogeneity contributes to populatlonal homeostasis. 
Consequently, the use of genetic mixtures rather than homo­
geneous varieties has been suggested as a means of reducing 
genotype-environment interactions. 
Jensen (1952) proposed that multiline varieties of oats 
should have greater stability of production, broader adapta­
tion to environments, and greater protection against diseases 
than do pure-line varieties. Prey and Maldonado (I967) found 
that mixtures of oat cultivars were more stable for grain yield 
than pure-line cultivars when tested at two planting dates 
over a 3-year period. The advantage of the heterogeneous 
populations seemed to increase as the environment became more 
stressed. 
Punk and Anderson (1964) reported that blending of two or 
more corn hybrids, either in the same hill, in alternate hills, 
or in alternate rows, did not result in yields that were sig­
nificantly different from the mean of the component hybrids 
grown separately. Nevertheless, blending was found to increase 
yield stability, as indicated by a decrease in the entry x 
location interaction. 
Probst (1957) evaluated three soybean varieties and 18 
blends among them and found that, in general, the blends showed 
no superiority In yield over the highest yielding variety in 
any one year or for the average of a 4-year period. There was 
a marked variety x season interaction for seed yield, and in 
this respect, blending had a stabilizing effect and appeared 
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to be of importance in approaching maximum yields each year. 
Two unselected populations of genetically heterogeneous 
P^-derived, and homogeneous F^-derived soybean lines were 
grown in three environments and evaluated by Qyth and Weber 
(1968) for nine agronomic and chemical characters. Average 
performances of the heterogeneous and homogeneous lines were 
equal across environments for all traits except maturity and 
plant height. Greater phenotypic stability for all characters 
across environments, as indicated by smaller genotype % en­
vironment interaction variance component, was observed for the 
Pg-derived lines than for the P^-derived lines. Variance among 
the Fg-derived lines was found to be smaller than the variance 
among the F^-derived lines for all characters in all environ­
ments. For both parameters, the differential performance was 
attributed to homeostatlc effects due to heterogeneity within 
the Fg-derlved lines, 
Allard (1961) reported on a study of the relationship be­
tween genetic diversity and consistency of performance in dif­
ferent environments for lima bean (Phaseolus lunatus). He com­
pared three pure-line varieties, four mechanical mixtures of 
either two or three varieties, and three bulk populations de­
rived successive bulk propagation from Fg to Fy or Fg of 
hybrids between the three pure-lines. Stability of performance 
was evaluated in terms of consistency in rank order and by the 
relative magnitude of variances. Pure-line varieties were 
found less stable in productivity than the mixed populations, 
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but only small differences In stability were observed among the 
mixed populations. He concluded that genetic diversity endowed 
the populations with stability, irrespective of the number and 
the characteristics of the components involved. 
The role that inter-genotypic competition plays in the 
expression of stability was studied lay Shutz and Brim (I97I). 
They compared yields from four soybean varieties, six two-
component mixtures, and four three-component mixtures. Sta­
bility was measured by estimating the relative contributions 
of pure-lines and mixtures to the first and second order inter­
actions among entries, locations, and years. They evaluated 
their results by constructing frequency distributions of rank 
order, and by calculating the regression and deviations from 
regression of population performance on environmental produc­
tivity. The competitive interactions among the varieties were 
arbitrarily classified as complementary, undercompensatory, 
overcompensatory, or neutral. Mixtures generally were more 
stable than the pure lines, with the degree of stability de­
pendent upon the type of competitive Interaction involved. 
Overcompensatory and complementary interactions seemed to be 
essential for stability of performance of a heterogeneous 
population. 
Procedures for Stability Analyses 
In the experiments reviewed previously, emphasis was 
placed on comparisons of relative stability among groups of 
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entries constituting different types of populations. Differ­
ences in homeOStatic reactions also were observed among 
individual entries in these experiments. Consequently, 
additional analyses were needed to examine the homeostatlc 
reaction of individual entries. Several procedures have been 
developed to characterize individual entries for their be­
havior in varying environmental conditions. 
Plaisted and Peterson (1959) adapted the statistical 
procedure developed by Homer and Prey (1957) for determining 
the optimum subdivision of Iowa for oat varietal recommenda­
tions, to characterize the stability of yield of potato varie­
ties tested at a number of locations within one year. Their 
technique consists of computing a combined analysis of vari­
ance over all locations utilizing data from all varieties. 
If the variety x location mean square is significant, combined 
analyses of variance are computed for each pair of varieties 
in all possible combinations. This procedure requires 
analyses for n varieties. Subsequently, an estimate of 
is obtained for each pair. The arithmetic mean of the 
estimates having one variety in common is computed and desig­
nated the relative contribution of that variety to the variety 
X location interaction in the combined analysis of variance of 
all varieties. A variety with a small mean cr^vL considered 
more stable than a variety with a large mean a^vL* 
Realizing that their procedure would require a large num­
ber of analyses, especially when many varieties are tested, 
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Plais ted. {i960) later proposed an alternate method that 
produced similar results with less computation. The combined 
analysis of variance using data from all varieties is computed 
first, then the analysis is recalculated omitting one variety. 
The reduction in the genotype x environment interaction com­
ponent is considered an estimate of the relative contribution 
of the variety that is omitted to the genotype x environment 
interaction. The procedure is repeated until estimates of 
the reduction are obtained for all entries. The varieties 
are then ranked for stability of productivity on the basis 
of how much their omission from the analysis reduced the 
variety x location interaction. A variety that gives a large 
reduction is considered unstable. 
Wricke (196O, I962) introduced a parameter, called 
"ecovalence", which he regarded as a quantitative measure of 
the ecological adaptation of the individual genotype to the 
environmental conditions under investigation. Ecovalence 
(variety-environment interaction sum of squares) of a variety 
is computed with the following formula; 
Wi = J(xij - %1,/q - z.j/p + %''/pq)^ 
where is the ecovalence of the i^^ variety, Xj^j is the 
value of the i^^ variety in the environment, /q Is the 
mean value of the i^^ variety over q environments, Is 
the mean value of the environment over all (p) varieties, 
and X../pq is the overall mean. A high value of ecovalence 
indicates a large contribution of the genotype to the genotype-
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environment Interaction, 
Prom investigations with oats, rye, spring wheat, and 
potatoes Wrlcke (196$) concluded that this method of parti­
tioning the variety-environment interaction gave a useful 
quantitative gradation of the varietal values for ecological 
adaptation. In all species investigated, high values for 
heritabillty of the ecovalence value were obtained. This 
indicated that it would be possible to assess this parameter 
effectively within a limited period of years. Wrlcke suggested 
that his method would provide a supplementary criterion for 
the evaluation of cultivars and breeding lines that could be 
useful to both plant breeders and official trial inspectors. 
Finlay and Wilkinson (I963) proposed a statistical tech­
nique to study the adaptation of barley varieties obtained 
from the world collection. For each variety, a linear regres­
sion of varietal mean yield on the mean yield of all varieties 
for each site and season was computed to measure variety 
adaptation. The mean yield of all varieties in each environ­
ment provided an index for complex natural environments. The 
same technique was used earlier by Yates and Cochran (1938) 
to analyze the degree of association between varietal differ­
ences and general fertility, but the technique they proposed 
was not as fully developed as that of PInlay and Wilkinson. 
Because of the great diversity of natural environmental condi­
tions encountered in their study, Plnlay and Wilkinson (19^3) 
measured yields on a logarithmic scale, since it was found that 
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a high degree of linearity and homogeneity of error variances 
were Induced by this mean. 
Plnlay and Wilkinson (I963) considered the regression 
coefficient and the variety mean yield over all environments 
as the two most Important Indices In their analysis. They 
summarized the meaning of these two parameters In relation 
to varietal adaptation as follows1 
Regression coefficients approximating to 1.0 Indicate 
average stability. When this is associated with high 
mean yield, varieties have general adaptability; when 
associated with low mean yield, varieties are poorly 
adapted to all the environments. Regression values 
increasing above 1.0 describe varieties with increas­
ing sensitivity to environmental change (below average 
stability), and greater specificity of adaptability to 
high-yielding environments. Regression coefficients 
decreasing below 1.0 provide a measure of greater re­
sistance to environmental change (above average sta­
bility), and therefore Increasing specificity of adapt­
ability to low-yielding environments. The second in­
dex, the variety mean yield over all environments, 
provides a comparative measure of performance of the 
individual varieties. 
They considered that absolute phenotypic stability would be 
expressed by b = 0.0, and defined the ideal variety as one 
with maximum yield potential in the most favorable environment, 
and maximum phenotypic stability. However, in their study, 
they found that the varieties having general adaptability fell 
far short of this ideal. 
A similar technique was proposed by Eberhart and Russell 
(1966) to analyze stability of performance of a variety over 
a series of environments. Their stability parameters were 
defined with the following modelt 
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Yij = + Bilj + 6ij 
where j symbolizes the mean of the i^h variety at the 
environment» represents the i^^ variety mean over all 
environments, @is the regression coefficient that measures 
the response of the i^^ variety to different environments, 
is the deviation from the regression of the i^^ variety at the 
environment, and Ij is the environmental index obtained 
as the mean of all varieties at the environment minus 
the grand mean for the entire experiment. They pointed out 
that an environmental index independent of experimental varie­
ties (perhaps determined from rainfall, temperature, and soil 
fertility data) would be desirable. However, they concluded 
that until more precise knowledge of the relationships of 
these factors with yield permits the calculation of environ­
mental indices on this basis, the average yield of all varie­
ties in a particular environment will have to suffice. They 
cautioned that in order to obtain meaningful evaluations of 
stability the varieties must be grown in an adequate number of 
environments covering the full range of environmental condi­
tions commonly encountered. Also, they suggested that early 
and late plantings could be made to obtain an extra environ­
ment at each location, and that different plant densities and 
rates of fertilization could be used to increase the number of 
environments and perhaps increase the range of environmental 
conditions. 
Three parameters are obtained with Eberhart and Russell's 
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procedure, the regression coefficient, the deviations from 
regression, and variety mean. They defined a desirable stable 
variety as one with a high mean yield, a regression coeffi­
cient of 1.0, and deviations from regression approaching 0.0, 
They considered the deviations from regression a very impor­
tant parameter, since they found that the Variety x Env. 
(linear) sum of squares was not a very large proportion of the 
Variety x Environments interaction in their experiments 
(Eberhart and Russell, I966 and I969). 
The basis of the stability analysis of Finlay and Wil­
kinson (1963) and of Eberhart and Russell (I966) are essen­
tially alike, except that the former authors used log yield 
rather than actual yield. This reflects the difference in 
opinion with respect to the relationship between yield and 
the environmental index. Pinlay and Wilkinson visualized 
that the environmental index operates multiplicatively on the 
varietal base yield, but Eberhart and Russell visualized an 
additive model. In this respect, the model of Eberhart and 
Russell is easier to interpret. 
Another approach to the parameterization of stability was 
taken by Bucio Alanis (I966), Bucio Alanis and Hill (I966), 
Perkins and Jinks (1968a,b), and Bucio Alanis, Perkins and 
Jinks (1969). This approach involved the partitioning of 
quantitative data according to genetic and environmental 
effects and their interactions. The interactions also were 
expressed as a linear function of environmental effects. The 
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method has been applied to data from two or more inbred lines, 
the ^2» backcross generations of Nicotiana rustlca» 
Essentially, the approach taken by these authors is no differ­
ent from that of Pinlay and Wilkinson (1963) and Eberhart and 
Russell (1966), except that the latter approach was intended 
for application with any kind of populations whereas the 
former system was for use with populations that permit 
genetic analysis. The relationship of the two approaches was 
shown by Perkins and Jinks (1968a). 
Criticisms have been made by Freeman and Perkins (1971) 
concerning the choice of the sums of squares and degrees of 
freedom from which to subtract the regression components in 
the analysis of variance when the regression of genotypes on 
the environmental index is taken into account, and on the use 
of the environmental mean yield as the environmental index. 
Their criticisms are purely on a statistical ground. Real­
izing that an environmental index unrelated to the organism 
under study would be difficult to obtain in practice, they 
suggested the use of one group of replicates to measure the 
effects of the environment, or alternatively, the use of 
one or more genotypes that could be regarded as standards to 
assess the environments. 
Knight (I97O) commented on the use of the environmental 
mean yield as the environmental index on a different ground. 
He showed that the response of genotypes to a single environ­
mental factor, such as temperature or nutrient supply, might 
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be different from the response obtained when environmental 
mean yields are used, but accepted that the technique, as 
commonly used, is valuable for general purposes. 
Tai (I97I) presented another method of stability analysis. 
His method is essentially like that of Eberhart and Russell 
(1966) except the parameters categorizing stability were 
estimated by the maximum likelihood method. The parameter 
for measuring the response to environmental effects was 
designated a, and the deviation from the linear response was 
called The relationship of his two parameters, a and X, 
with b and 8^^ of Eberhart and Russell also was given. He 
defined a perfect stable variety as a variety that will not 
change its performance from environment to environment. This 
variety will have a = -1 and \ = 1. He also considered 
varieties with a = 0 and X = 1 (equivalent to b » 1 and = 
0) as having "average stability**. 
Estimates of Stability of Performance 
Using their method to study the adaptation of 277 varie­
ties from the world barley collection, Plnlay and Wilkinson 
(1963) found wide variations in both mean yields and regression 
coefficients. They also observed that variations in sensi­
tivity to environment were proportionately less among varie­
ties with high mean yields, and that the varieties with highest 
mean yields exhibited a similar degree of adaptation to all 
environments under investigation. Varieties from particular 
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geographic regions of the world showed a similarity in type 
of adaptation. 
Later, Pinlay (I963) applied the same technique to hy­
brid populations of barley, F2 seed of 45 hybrids and their 
10 parents were planted in replicated trials for a period of 
3 years. He found marked increases in average yield over all 
environments and in phenotypic stability (decrease in regres­
sion coefficients) for the hybrids as compared to those of the 
parental varieties. Most of the parental varieties showed 
below-average stability (b > 1.0), whereas most of the hybrids 
exhibited above-average stability (b < 1.0). The superiority 
of the hybrids over the parents was particularly manifest In 
the lowest yielding environments compared with slight superi­
ority in the high yielding environments. 
Eberhart and Russell (I966) applied their model to data 
from two single-cross diallels and a set of 3-way crosses in 
maize. They obtained significant differences among hybrids 
for the regression coefficients. Estimates of the squared 
deviations from regression ranged from near zero to extremely 
large values for different hybrids. They also found that some 
single cross hybrids were quite desirable according to their 
definition of a stable variety (high mean yield, b = 1.0, 
and = 0.0). 
The usefulness of the regression technique in charac­
terizing the behavior of individual varieties in varying en­
vironments also has been demonstrated by several other studies. 
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Johnson, Shafer, and Schmidt (I968) evaluated the general adap­
tation of 12 hard red winter wheat varieties grown in regional 
performance nurseries and obtained differences in response to 
environments among varieties. Pawnee and Comanche were nearly 
equal in average yields over a 24-year period, but their re­
sponses to environments were markedly different. Pawnee was 
substantially superior to Comanche in the poorer environments, 
but the reverse was true in the better environments. This 
finding is in accord with the acceptance of the two varieties 
by farmers. The predicted yield relationship of the varieties 
Early Blackhull and Kharkof, based on 3-years data, were very 
similar to those projected from 24 years of testing. They sug­
gested that this kind of analysis would be particularly useful 
to breeders in making pre-release evaluations of the probable 
performance of varieties in a range of environments. 
Using data from the Uniform Regional Soybean Tests, Smith 
et al. (1967) compared the phenotypic stability of several 
soybean varieties using the method of Eberhart and Russell 
(1966). They found that, in general, genotypes with high 
mean yields had regression coefficients greater than 1.0 and 
had larger deviations from regression than did the low yielding 
genotypes. Lower deviations tended to be associated with re­
gression coefficients of less than 1.0. However, in another 
experiment involving P^- and P^-derived lines from two related 
soybean crosses, no association among the three parameters was 
apparent. 
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Joppa, Lebsock and Busch (1.971) performed regression 
analyses using yields from Uniform Spring Wheat Nurseries 
grown at 15 to 20 locations in the North Central USA and 
Canada in each of 10 years (1959-1968). Within a year, the 
nurseries consisted of a standard set of cultivars and ex­
perimental lines. However, they were concerned primarily 
with the named cultivars. The cultivars grown differed from 
year to year, consequently the parameters estimated for these 
cultivars were somewhat affected by the other cultivars in­
cluded in each analysis. Each cultivar tended to have its 
own characteristic value for b and for 8^^^. Also, they ob­
served that the large deviations for some cultivars were 
associated with specific genotype-environment interactions, 
such as susceptibility to a particular disease or partial 
sterility. They proposed that the magnitude of S^^j is an 
excellent indicator of specific genotype-environment inter­
actions, and suggested that breeders should Investigate closely 
p 
any occurrence of large values of 8 They concluded that 
the use of regression analyses of data from uniform regional 
nurseries could materially assist plant breeders in making 
decisions regarding cultivar release. 
In com and sorghum, single crosses are used extensively 
for commercial production. However, a single cross is a 
genetically homogeneous population and must depend entirely 
on individual buffering for its stability of production. 
Other types of hybrids, such as 3-way and double crosses, 
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may have stability resulting from heterogeneity within the 
population. A number of studies have been conducted to 
evaluate stability of performance of various types of hybrids 
across a range of environments, and to investigate the rela­
tive importance of individual buffering as compared with 
populational buffering. 
Sprague and Pederer (1951) obtained smaller variety x 
location and variety x year variance components for maize 
double crosses than for single crosses, indicating that 
double crosses were more stable in yield than single crosses. 
Similar results were obtained by Jones (1958) who analyzed the 
yield data of 31? maize single crosses and 483 double crosses 
derived from crossing a series of selected inbred lines. Mean 
yields of the two groups did not differ significantly, but the 
single crosses showed greater variability in yield than did 
the double crosses. Jones stated that: 
It is commonly observed that for a particular test the 
highest yields are usually obtained from single crosses? 
however, almost never is it the same single cross in any 
one year or in any one location that gives this highest 
yield. The double crosses are more consistently high in 
yield and desirable in other respects as well, as com­
pared to the single crosses which are moye erratic in 
their performance, 
Eberhart, Russell, and Penny (1964) reported that when 
the two types of maize crosses were compared in the same 
experiment the hybrid x year interactions were significantly 
greater for single crosses than for three-way crosses. Also, 
Howe and Andrew (1964) found that the maize genotype x 
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environment components of variance were larger for the non-
segregating group than they were for genetically diverse 
segregating Pg and backcross groups. 
Weatherspoon (1970) reported an experiment in which 36 
single, three-way, and double crosses, involving nine unre­
lated inbred lines of maize, were evaluated for grain yield 
at 2 locations for 2 years. Average yield of the single 
crosses was 2.1 q/ha greater than that of the three-ways, and 
the average for the three-ways was 1.7 q/ha greater than that 
of the double crosses. Superiority of the single crosses 
was still more pronounced when the best crosses from each 
group were compared. The hybrid x environment mean square 
for the singles was more than twice that for the doubles, and 
this interaction mean square for the three-ways was inter­
mediate. The cross-environment interaction pattern also was 
investigated by calculating interaction deviates for each 
entry by the following formula* 
Dev = j — - X^ j + X^ ^ 
where X^j is the mean of the 1^^ entry at the environment, 
X^^ is the mean of the 1^^ entry over all environments, X^j is 
the mean of the environment, and X^ is the overall mean. 
The percentages of significant deviates were 16% for the single 
cross, 10^ for the three-ways, and 3^ for the double crosses. 
Weatherspoon concluded that, on the average, single crosses 
were more sensitive to varying environments than were the 
three-way or double crosses. Single crosses varied in this 
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respect, however, and. high yielding single crosses with low 
interaction deviations also were observed. He suggested that 
wide scale testing is essential to isolate those single 
crosses with high yield and stable performance across environ­
ments . 
Eberhart and Russell (I966) found no differences in re­
sponse to environments between single and three-way crosses 
of maize, but obtained larger deviations from regression for 
the single crosses. However, a single cross was found to be 
as stable as any of the three-ways. Similar results were ob­
tained from another study by Eberhart and Russell (I969) 
involving a diallel of ^5 maize single crosses and a balanced 
set of 45 double-cross hybrids from 10 inbred lines, plus 10 
commercial hybrids, Although the double crosses as a group 
were more stable in yield than the single crosses as a group, 
they found two single crosses that were as stable as any of 
the double crosses» These two single crosses outyielded the 
four commercial single crosses by 11#, and the three commer­
cial double crosses by lyji. 
The yield stability of five types of maize crosses repre­
senting five levels of heterogeneity was evaluated by Palck 
(1970). The types of crosses were single, related-line double, 
three-way, double, and synthetic crosses. Each type of cross 
was represented by five hybrids that were selected on the 
basis of high mean yield in earlier tests. The results in­
dicated that the response of a hybrid to environments was not 
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related to its level of heterogeneity. Differences in en­
vironmental response among hybrids were obtained within all 
levels of heterogeneity, except in the group of related-line 
double crosses. Pew regression coefficients, however, were 
significantly different from unity, indicating that varieties 
selected for high yield have a similar response to environments. 
Comparisons of deviations from regression did not reveal any 
relationship between stability of yield and level of hetero­
geneity. He concluded that individual buffering capacity was 
of greater magnitude than populatlonal buffering capacity 
when varieties were selected for high yield performance. 
Increasing the plant density increased the size of deviations 
from regression at all levels of heterogeneity, but the amount 
of increase was not uniform among individual entries, Falk 
suggested that more than one plant density would be desirable 
for evaluations of yield stability in maize. 
Considerable attention also has been paid to the inheri­
tance of stability parameters and the possibility of breeding 
for a desired level of stability, FInlay (I963) found that 
differences In response to environments among single crosses 
of barley were due primarily to general combining ability, 
Eberhart and Russell (I966, I969) also presented evidence that 
additive gene action was responsible for the variation of re­
gression coefficients among maize hybrids, and to a lesser 
extent for the variations in deviation mean squares. No 
evidence of nonaddltlve gene action for the regression 
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coefficients was observed. Bucio Alanis, Perkins and Jinks 
(1969) obtained good agreement between observed plant heights 
of the Pg and backcross generations of Nlcotiana rustica in 
different environments and the predicted heights based on 
parental and data, by assuming that the genotype-
environment interaction component reflected only additive and 
dominant gene effects. 
An experiment performed by Scott (I967) indicated that 
p 
selection based on the magnitude of cf g of the test-cross 
progenies was effective in separating maize lines for yield 
response to environments. Smith et al, (I967) obtained a 
positive correlation between regression coefficients of the 
maternal Pg-derlved lines from two soybean crosses and the mean 
regression coefficients of their corresponding P^-derived 
daughter lines. Russell and Eberhart (I968) found that the 
two-ear characteristic in maize had a stabilizing effect on 
yield, and suggested that breeding for prolificacy might be 
a means of enhancing stability of yield in maize hybrids. 
And, Eberhart (I969) outlined a breeding procedure for devel­
oping stable single crosses in maize. 
Limited information is available on the stability of 
performance of sorghum genotypes over varying environments. 
Rao and Harlnarayana (I969) performed a. regression analysis 
using data from two commercial sorghum hybrids, a recently 
developed variety, and several local check varieties grown 
over a series of environments in India. The hybrids and the 
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improved variety were higher yielding and more responsive to 
environments than were the local checks. 
Reich and Atkins (1970) evaluated the yield stability of 
four types of grain sorghum populations, using the method of 
Eberhart and Russell (I966), Their experiments included 8 
parental lines, 16 hybrids, I6 two-component blends of 
parental lines, and I6 two-component hybrid blends grown In 
9 environments over 2 years in Iowa. The results indicated 
that hybrid blends were the most productive and stable over 
environments, although none of the population types were dis­
tinctly superior for all parameters. Hybrid blends had the 
highest mean yield over all environments and had an average 
regression coefficient near 1.0, but they were second among the 
population types in terms of low deviations from regression. 
Data for the components of yield tended collectively to 
support the conclusion that hybrid blends were the most stable 
population types. The highest yielding individual entry over 
all environments, however, was a hybrid. Also, a hybrid was 
the highest yielding entry in each environment, except one, 
where a hybrid blend was the most productive. Some single-
cross hybrids were as stable as any of the blends, indicating 
that good stability through individual buffering is attainable 
in single-cross sorghum hybrids. Significant and sizable 
correlation coefficients were obtained between the regression 
coefficients of the hybrids or blends and those predicted from 
the parental or blend-component data. For deviations from 
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regression, only those of the hybrids and of the mid-parents 
were correlated significantly. The data suggested that the 
regression coefficient and deviations from regresslca of a 
hybrid can be reasonably predicted from mid-parent values. 
A method for producing three-way crosses of sorghums 
commercially was proposed by Stephens, Kuykendall and George 
(1952). This method used a genetic male-sterility found in 
Day Mllo, and some of the first commercial grain sorghum hy­
brids produced in the mid-50*s were three-way crosses. How­
ever, few if any three-way grain sorghum hybrids have been 
grown commercially since that time (Ross, 1969)* Evidence 
that three-way hybrids may be more stable over varying environ­
ments than single crosses has stimulated renewed interest by 
sorghum breeders in examining the performance of three-way 
hybrids. 
Stephens and Lahr (1959) reported on yield trials of 
three-way and single-cross sorghum hybrids conducted in Texas, 
Generally, three-way hybrids were not significantly different 
in yield from related single crosses, averaging about Z% 
higher over two locations in one year. 
Ross (1969) compared the yields of 24 three-way crosses 
and 16 related single crosses, involving four male-sterile and 
four restorer lines. The tests were conducted under dryland 
conditions over a 4-year period at Hays, Kansas. Pour-year 
mean yields of the two types of crosses did not differ 
significantly. However, significant differences between the 
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two types were obtained in two of the four years, and they 
differed in opposite directions in the two years. Three-way 
hybrids yielded less than the single crosses in a poor year, 
but were more productive in a year characterized by high 
yields. Differences in yields of the two groups were attrib­
uted to the differential response of within-population seg­
ments to a particular set of environmental conditions. The 
time of occurrence of drought stress and deviations in rela­
tion to critical points in the reproductive cycle of the 
plants (primarily booting, blooming, and early seed develop­
ment) were cited as factors that might cause the differential 
response, 
Jowett (1972) performed a stability analysis using yield 
data from single crosses, three-way crosses, and Inbred 
varieties of grain sorghum grown in East Africa, The hybrids 
were more responsive than the inbreds to the different environ­
ments, but there was no difference between the response of 
three-way and single crosses. Smaller deviations from regres­
sion were obtained for the three-way crosses than for the 
single crosses, but differences between the two types of 
crosses were small. Certain single crosses also were found 
to have small deviations from regression. 
Using the same parental lines and hybrids as used In the 
study that will be reported in this dissertation, Walsh (I97I) 
compared performance and within-hybrid variability over a 
2-year period at Ames, Iowa for 48 three-way, 12 sterile 
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single, and 16 fertile single-cross hybrids derived from 
crossing 4 A-lines, 4 B-lines, and 4 R-lines. The two types 
of hybrids did not differ significantly for grain yield, yield 
components, plant height, and days to midbloom. Comparison 
of the hybrid type x years mean squares for yield indicated 
that three-way hybrids might have greater stability of per­
formance than single crosses. Mean within-plot standard devia­
tions for plant height and days to midbloom were significantly 
larger for three-way hybrids than for single crosses. However, 
for both traits, several of the three-way hybrids showed 
levels of variability below that observed for the single 
crosses as a group. Correlations between yield and within-
plot variability for yield components, plant height, and days 
to midbloom within the two types of hybrids did not reveal 
any significant trend. Only yield and plant to plant 
variability for yield were significantly and positively 
correlated in both the fertile single crosses and three-way 
hybrids. 
Prom the limited information available, it appears that, 
as a group, three-way sorghum hybrids may be more stable in 
performance over varying environments than single crosses. 
However, stable single crosses also have been obtained. Thus, 
individual buffering appears to be of great importance and 
more detailed study seems appropriate. 
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MATERIALS AND METHODS 
Conduct of the Experiment 
Twelve sterile single-crosses, 16 fertile single-crosses, 
and 48 three-way hybrids of grain sorghum together with their 
12 parental lines comprised the 88 entries in this study. The 
parental lines consisted of 4 male-sterile (A) lines, their 4 
nonrestorer (B line) counterparts, and 4 fertility restoring 
(R) lines, which are listed below: 
A-lines B-lines R-lines 
Combine Kafir 60 Combine Kafir 60 Texas 7078 
Martin Martin Redbine 60 
Wheatland Wheatland Plainsman 
Redlan Redlan Caprock 
Seeds of the sterile single-crosses and the fertile 
single-crosses were produced by hand pollinations, the A-lines 
with the B-lines (other than their counterpart) and the R-llnes, 
respectively, in all possible combinations. The 48 three-way 
crosses were produced by crossing each of the R-lines onto the 
12 sterile single-crosses.' The. experiment was grown at 10 en­
vironments, which Included 3 years (I969-7I) and 4 locations in 
Iowa. The test at one environment (late planting at Ames in 
1970) was damaged severely by birds and was eliminated from 
the analyses. The locations and descriptions of the remaining 
9 environments are shown in Table 1. 
At each environment, the entries were arranged in a 
Table 1, Descriptions and mean grain yield for each environment 
Environ­ Fertilization 
ment Row (lbs/A of ^ mean yieia 
no. Location Planting date spacing* N, P and K) (q/ha) ( bu/A ) 
1 Ames May 23, 1969 40" 100-80-80 67.0 106.5 
2 Ames June 16, 1969 40" 0-80-80 49.1 78.1 
3 Ames May 20, 1970 40" 100—80—80 71.0 112.9 
4 Beaconsfield May 26, 1970 40" 100-80-80 760I 120.9 
5 Sutherland May 25, 1970 30" 100-80-80 43.6 69.3 
6 Ames May 27, 1971 40" 100-80-80 69,2 110.0 
7 Beaconsfield May 29, 1971 40" 100-80-80 75.7 120.4 
8 Castana May 28, 1971 30 " 0—0—0 66.0 104.9 
9 Sutherland May 28, 1971 30" 100-80-80 63.2 100.5 
*40" = 128,500 plants/ha (52,000 plants/A); 30" = 173,000 plants/ha (70,000 
plants/A). 
^All spring applications except fall application for Environment no. 2. 
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randomlzed-complete-block design with two replicates. Each 
plot consisted of a single row, 20 feet long. All plots were 
thinned to a within-row spacing of 3 inches between plants. 
Heads from competitive plants in the central 16 feet of each 
row were harvested for grain yield determinations. All heads 
were dried artifically to a grain moisture content of 8 to 10 
percent before threshing. Grain yields were recorded in grams 
per plot of the threshed grain, without further adjustment for 
slight grain moisture differences. Since 2 row spacings were 
used, the grain yield data were converted from grams per plot 
to quintals per hectare before making further analyses. 
Statistical Analysis 
The combined analysis of variance over all environments 
was first computed In a conventional manner, using the following 
modelI 
%ijk = U + + Bij + C% + ACik + 
where denotes the yield of the 1^^ entry in the repli­
cate at the k^^ environment, U represents the grand mean, A 
symbolizes environments, B denotes replicates, C designates 
entries, AC is the entry x environment interaction, and E is 
the experimental error. The entries were considered fixed, and 
the environments were assumed random. 
The sum of squares attributable to entries was partitioned 
into orthogonal comparisons among groups and among entries-
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withln-groups as follows; parents versus hybrids, sterile 
single-crosses versus fertile single-crosses plus three-way 
crosses, fertile single-crosses versus three-way crosses, 
among parents, among sterile single-crosses, among fertile 
sihgle-crosses, and among three-way crosses. The entry x 
environment sum of squares was partitioned into the inter­
actions of the environments with individual comparisons in the 
same mannero The error terms associated with individual com­
parisons also were calculated separately, and they were evalu­
ated for homogeneity by Bartletts' test, as outlined by 
Snedecor and Cochran (I967), Results of the Bartletts* test 
indicated homogeneity of the error variances, therefore, the 
pooled error was used in making the tests of significance of 
of the entry x environment interactions. The means among 
groups and among entries within groups were tested for sig­
nificance by the F ratio, using the pooled entry x environ­
ment mean square as the denominator. 
The responses of entries to the different environments 
were analyzed using the method of Eberhart and Russell (I966). 
The required parameters are defined with the following model: 
^ij = "1 + Pilj + ^ij 
where = mean of the 1^^ entry at the environment; 
UjL = mean of the 1^^ entry over all environments ; 
= the regression coefficient that measures the linear 
response of the 1^^ entry to the different 
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environments ; 
= the deviation from regression of the i^^ entry at 
the environment; 
and Ij = the environmental index, obtained as the mean of 
all entries at the environment minus the grand 
mean. 
The regression coefficient of the 1"^ entry was estimated 
by using the following formula: 
2 The deviation mean square was used instead of to 
measure the deviations from regression, since it can be tested 
directly with an P test against the pooled error. The devia­
tion mean square for each entry was computed as follows; 
Dev. M.S. = r2|?y(n-2) 
j ^ 
where r denotes the number of replicates within each environ­
ment, and n designates the number of environments. 
Each regression coefficient was tested to determine if it 
was different from unity by the following test: 
t s (b4-l)/S-
°i 
where Sr = Dev. M.S. of the 1^^ entry/rzl,^. 
°1 j 
The test of significance of the deviations from linear 
response to the different environments was made for each entry 
with an F test, by dividing the deviation mean square by the 
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mean square of the pooled error. 
For the analysis of variance when the environmental re­
sponses of entries were evaluated, slight modifications from 
the original proposal of Eberhart and Russell (I966) were 
made according to the suggestions of Freeman and Perkins (1971)* 
Since the environments (linear) source of variation accounts 
for all the sums of squares attributable to environments when 
the mean of all entries at an environment was used as the en­
vironmental index, the sum of squares due to environments was 
not partitioned further. The entry x environment sum of squares 
was subdivided into entries x environments (linear) and pooled 
deviations. The entries and entries x environments (linear) 
sources of variation were further partitioned into comparisons 
among groups and among entries within groups as in the previous 
analysis. However, further subdivision of the pooled deviations 
was not made. 
F tests for significance of the differences among entries 
and their response to the different environments were calcu­
lated by dividing the entry and entry x environment (linear) 
mean squares by the mean square of the pooled deviations from 
regression. F tests were made in the same manner for each of 
the orthogonal comparisons and their interactions with environ­
ments (linear). 
The data also were subjected to a genetic analysis, using 
a model adapted from that suggested by Eberhart and Gardner 
(1966), The model used is as follows» 
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B line * = u + 2v^ 
A line t = u + 2v^ + c + 2cVj, 
E line : Yj = u + 2r + 2r^ 
SSC «  =  u + v ^  +  v ^ ,  +  C  +  o V j ^  +  c v ^ ,  +  h + + 
^i' + ®ii' 
PSC : Yj^j au+v^ + vj + c + cvj + r + h + rh + + 
rhhi + 8ij 
T-WC J Y.., . = u + Iv. + IViI + V. + c + lev, + lev,, + 
i i ' J  2 ^ 2 ^  ^  2 ^ 2 ^  
r + E + rh + Ih, + Ih^, + h, + Irhh. + 
5  1  J  1  3 ^ 1  
|rhh^. + 
where SSC, PSC, and T-WC = sterile single-crosses, fertile 
single-crosses, and three-way crosses, respectively. 
u = mean of the B-lines, 
Vj^ = additive gene effect due to line i (A- or B-line), 
Vj = additive gene effect due to line j (R-line), 
c = cytoplasm effect, 
cVj = interaction between cytoplasm effect and the genetic 
effect of line i, 
r = deviation of the mean of the H-lines from the B-lines 
mean, 
h s= average heterosis of A x B crosses, 
rh = deviation of the average heterosis of A x R crosses 
from that of A x B crosses. 
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= heterosis specific to line i (line-heterosis) in 
A X B crosses, 
hj = heterosis specific to line j (line-heterosis), 
r5i^ = deviation of the heterosis specific to line i in 
A X R crosses from the corresponding heterosis in 
A X B crosses, 
®ii' ~ heterosis specific to the ii' cross (specific-
heterosis), 
Sj^j = heterosis specific to the ij cross (specific-
heterosis), 
and = EVj = Jh^ = Jh^ = = Zs^j = 0, 
For the analysis of variance when the genetic effects 
were evaluated, the total sum of squares was first partitioned 
into variations due to environments, replicates/environments, 
entries, entries x environments, and error, in a conventional 
manner. The entry x environment source of variation also was 
subdivided into entries x environments (linear) and pooled 
deviations, as in the previous analysis. The least square 
procedure was used to partition entry sum of squares into 
variations due to various genetic effects with the above 
genetic model, using the entry mean yields over all environ­
ments as the Y variates. Because the genetic parameters were 
not orthogonal, they were fitted sequentially in the order of 
importance as follows; u, Vj^, Vj, r, h, rh, hj^, hj, rhh^, 
Sill, s^j, c, and cv^. Estimates of the effects also were 
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obtained with the least squares procedures. The sum of squares 
attributable to entries x environments (linear) was partitioned 
in the same manner. The regression coefficients of the entry 
means on the environmental index (b^) were used as the Y 
variatesf and the resulting sums of squares were multiplied by 
Zlj (where Ij is the environmental index defined previously) 
to obtain sums of squares due to genetic effects x environments 
(linear). The tests of significance of the genetic effects, 
and their interactions with environments (linear), were made 
with an P test using the pooled deviation mean square as the 
denominator. 
Genetic analysis of the deviations from linear response 
of entry means on the environmental index also was performed, 
using the square roots of the deviation mean squares as the Y 
variates. The residual mean square from the least square 
analysis was used as the error term for the P-tests of sig­
nificance. 
Predicting the Performance of Three-way Crosses 
Mean yields of the three-way crosses, over all environ­
ments, were predicted by 5 methods. Descriptions of the pre­
diction methods are as follows: 
Method li The u, v^, Vj, r, h, rh, h^, hy rhh^, and 
®ii* Gffeots were estimated from the parental, 
fertile single-crosses, and sterile single-
crosses data, and the predicted mean yield of 
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the three-way hybrids were obtained with the 
genetic model. 
Method 2I Predicted yields were obtained in the same 
manner as Method 1, except that the model in­
cluded only the u, v^, r, and h effects. 
They are the most important effects as indicated 
by the analysis of variance which will be shown 
in the results section. 
Method 3« This method is analogous to Method B described 
by Jenkins (193^) for prediction of the yield 
of a double-cross. The yield of a three-way 
hybrid was predicted by averaging the means of 
the two nonparental single-crosses as shown in 
the following formula: 
(AxB) X R = 1[(AXR) + (BXR)] 
where (AxB) x R is the predicted yield of the 
the three-way cross having R as a male parent 
and the sterile single-cross (AxB) as a female 
parent. (AxR) is the yield of the fertile 
single-cross involving parents A and R, and 
(BxR) is the yield of the fertile single-cross 
involving parents B and R. 
Method ki This method was based on the performance of the 
parental lines per se. and the predicted yield 
of the three-way cross was calculated as 
follows; 
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(AXB) X R = 1(A+B) + IR 
5" 2 
where (AxB) x R is the predicted yield of the 
three-way cross defined previously in Method 3» 
A, B, and R are the mean yields of the male-
sterile line A, the fertile nonrestorer line 
B, and the fertile restorer line R, respectively. 
Method 5» This method is the same as Method 4 except the 
mean yield of the fertile nonrestorer counter­
part (B-line) was used in place of the yield 
of the male-sterile line (A) in the prediction 
equation. The prediction formula is as followsi 
(AXB) X R = 1(A'+B) + IR 
5" 2 
where (AxB) x R, B, and R are as described for 
Method 4. A' is the yield of the fertile non-
restorer counterpart of the male-sterile line A. 
Regression coefficients of the yield of three-way crosses 
on the environmental index also were predicted by the same five 
methods. However, only Methods 3» 4, and 5 were used to predict 
the mean squares of the deviations from regression. For each 
parameter, simple correlations were calculated between the pre­
dicted values obtained with each of the methods and the observed 
values. Evaluation of the prediction methods was based on 
these correlations. 
iP3 
Evaluation of the Manifestation of Heterosis 
at Different Environments 
To evaluate the magnitude of heterosis expressed at the 
different environments, the actual heterosis and percentage 
heterosis were calculated for the yields of each cross at each 
environment by the following formulaei 
Actual heterosis = Hybrid - Midparent, 
Percentage heterosis a> Hybrid - Midparent % loo , 
Midparent 
Two kinds of heterosis, designated Heterosis A and 
Heterosis B, were computed for both the actual and percentage 
data. Heterosis A was obtained when yields of the male-sterile 
parents (A-lines) were included in the midparent values. 
Heterosis B was obtained when yields of the fertile nonrestorer 
counterparts (B-lines) were used in place of those of the male-
sterile parents in computing the midparent values. Within each 
kind of heterosis, midparent values for the three-way crosses 
were calculated ty two methods as followst 
Method I. MP(AxB)zR = l(A+BfR) for Heterosis A, 
sr 1(A'+B+R) for Heterosis B, 
3 
Method II, Mf(AzB)zR ® 1(A+B) + IR for Heterosis A, 
= 1(A+B) + IR for Heterosis B, 
^ 2 
where symbolizes the midparent value of the three-
way cross (AxB)xR. A, B, and R represent the yields of the 
male-sterile parent (A-line), the fertile nonrestorer parent 
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(B-line), and the fertile restorer parent (R-line), respective­
ly. A* is used to denote the yield of the fertile nonrestorer 
counterpart used in place of a specific male-sterile parent A 
(e.g., B-Martin for A-Martin). 
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EXPERIMENTAL RESULTS 
The 1969 growing season at Ames was suitable generally 
for good growth and development of sorghum. Temperatures 
usually were high for a period of about 2 weeks in late June 
and early July. During the remainder of the growing season, 
temperatures were moderate and rainfall was ample. Freezing 
temperatures did not occur until relatively late in the fall. 
In 1970, climatic conditions were favorable throughout the 
growing season. However, seasonal moisture was deficient at 
Sutherland which resulted in a low mean yield at this location. 
The 1971 season was favorable until mid- to late-June, but 
thereafter seasonal rainfall was relatively light. However, 
good soil moisture reserves were available in all test fields 
permitting continued good plant development and the resultant 
yields were relatively high. At Ames, a hail and wind storm 
on July 8 caused marked fraying of the leaves and bruising of 
stems. However, at this date, the plants had unfolded only 
about half of their leaves, therefore, they were able to re­
cover and produced good yields. The diversity of climatic 
conditions, together with variations in planting dates, row 
spacings, inherent soil fertility and fertilizer applications 
at the different locations, resulted in a considerable range 
in mean yields for the nine environments (Table 1). Mean 
yields ranged from 4^.6 q/ha at Sutherland in 1970 to 76.1 q/ha 
at Beaconsfield in 1970, and mean yields at the other test 
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sites were reasonably spaced between these limits. 
Since only two replicates were used in each environment, 
comparisons among entries would be more meaningful from the 
combined analysis of variance over all environments than from 
the analyses for individual environments. Therefore, the 
separate analyses for individual environments are not pre­
sented. However, group mean yields and ranges of individual 
entries within groups for grain yield in each environment are 
given in Table 2 for general comparisons. The mean yields of 
individual entries at each environment are recorded for refer­
ence in Appendix Table I9. In all environments, the fertile 
single-crosses and the three-way crosses were the most pro­
ductive groups. Mean yields of the three-way crosses were 
slightly lower than those of the fertile single-crosses in 
seven of the nine environments ; however, the differences 
between mean yields of the two groups were very small. In 
all but one environment, yield differences between the fer­
tile single-crosses and the three-way crosses were less than 
2 q/ha. The largest difference was at the lowest yielding 
environment (Environment 5) where the three-way hybrids out-
yielded the fertile single-crosses by 2.8 q/ha, A fertile 
single-cross was the highest yielding entry in each of five 
environments. In each of the remaining four environments, a 
three-way cross was the highest yielding entry. Only one 
entry (Redlan x Caprock) ranked highest in yield in two dif­
ferent environments. 
Table 2. Group means and ranges of individual entry means within groups 
for grain yield (q/ha) at each environment 
Environments^ 




30,1 - 45 .4 
40.3 
32.0 - 45.7 37 
50.1 
.9 - 57. ,3 
53.3 




30.1 - 40 .9 
35.1 
32.0 - 39.1 44 
49.7 
.1 - 54. ,7 
58.8 




30.8 - 40 .8 
42.7 
38.9 - 45.7 37 
49.4 
,9 - 56. ,4 
55.8 




35.0 - 45 .4 
43.2 
39.2 - 45.1 43 
51.3 
.8 - 57. 3 
50.2 




31.4 - 51 .7 
45.8 
42.1 - 50.9 57 
61.8 
.1 - 66. 7 
66.6 




32.3 - 59, .1 
51.6 
42.8 - 57.4 53, 
67.1 
.7 - 81. 8 
69.3 




35.2 - 60, .8 
51.3 
46.0 - 60.8 50, 
65.5 
. 3 - 7 5 .  8 
67.9 
51.1 - 81.1 
All entries Mean 43.6 49.1 63.2 66.0 
^Arranged in order from low to high yielding environments. 
= parents; SSC = sterile single-crosses; FSC = fertile single-
crosses; T-WC = three-way crosses. 
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Environments 
1 6 3 7 4 
ail 
env. 
59.6 59.5 60.6 68.0 64.6 54.8 
50 .7 - 65 .8 44.8 - 72. ,4 48 .6 - 71 .2 64.0 - 84 .4 51 .9 - 78 .3 
58.1 55.7 56.2 66.8 60.3 52.5 
50 .7 - 61 .7 44.8 - 62. ,1 48 .6 - 62 .5 64.0 - 68 .3 51 . 9 - 6 7  .7 
60.7 61.2 60.9 69.9 69.6 56.2 
58 .3 - 62 .9 56.3 - 72. 4 58 .3 - 65 .5 63.9 - 84 .4 64. 7 - 78 .3 
60.0 61.5 64.7 67.2 63.9 55.8 
57 .6 - 65 .8 55.9 - 66. 6 58 .7 - 71 .2 61.2 - 71 .2 57. 8 - 69 .0 
66.0 66.4 70.3 76.9 73.7 63.1 
58 .5 - 73 .6 57.7 - 78. 2 66 . 7 - 7 5 ,  .4 64.4 - 83, .8 68. ,7 - 78 .1 
69.3 71.4 73.8 78.3 79.9 67.1 
57 .6 - 77 .6 63.4 - 87. 9 65 .6 - 77, .7 69.2 - 94, .5 71. 6 - 93, .1 
68.4 71.6 72.9 76.5 78.2 66.5 
60, .0 - 79, .0 61.9 - 82. 0 64, 
<1-CO 1 
.4 60.7 - 92. 3 65. 1 - 91. 0 
67.0 69.2 71.0 75.7 76.1 64.5 
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The combined analysis of variance over all environments 
is presented in Table 3» Significance (P<.01) was indicated 
for the environments and entries sources of variation and for 
the entries x environments interaction. The entries sum of 
squares was partitioned into orthogonal comparisons among 
groups and among entries within groups. Significant differ­
ences in yield (P<.01) were obtained among the entries within 
each of the groups (i.e., parents, sterile single-crosses, 
fertile single-crosses, and three-way crosses), The parents 
versus hybrids and the sterile hybrids (sterile single-crosses) 
versus fertile hybrids (fertile single-crosses plus three-way 
crosses) comparisons also were significant beyond the one per­
cent level of probability. Fertile single-crosses versus 
three-way crosses was the only comparison that did not show 
significance statistically. The mean yields of these two 
groups over nine environments were nearly Identical, 67.I q/ha 
for the fertile single-crosses and 66.5 q/ha for the three-way 
crosses. 
The entries x environments interaction was significant 
statistically (P<,01), and all but two of the interactions of 
environments with individual orthogonal comparisons also were 
highly significant. îhe fertile single-crosses versus three-way 
crosses x environments, and the among sterile single-crosses x 
environments mean squares were not significant. The interac­
tion mean squares for the different groups with environments 
ranked in the following order: fertile single-crosses > 
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Table 3* Combined analysis of variance for grain yield over 
nine environments 




P vs. H 
SSC vs. (FSC+T-WC) 





Entries x Env 
P vs. H X Env 
SSC vs. (PSC+T-WC) X Env 
PSC vs, T-WC X Env 
Among P X Env 
Among SSC X Env 
Among PSC x Env 





































Pooled error 783 30.00 
®P = parents; H = hybrids; SSC = sterile single-crosses; 
PSC = fertile single-crosses; and T-WC = three-way crosses. 
**Signlficant at the 1% level of probability. 
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parental lines > three-way crosses > sterile single-crosses. 
F tests indicated that the mean squares for the fertile 
single-crosses x environments and parental lines x environ­
ments were significantly greater (P<.05) than that for the 
sterile single-crosses x environments. The mean square for 
the fertile single-crosses x environments was not signifi­
cantly greater than the corresponding mean square for the 
three-way crosses at the five percent probability level, but 
was significantly greater at the ten percent level. Also, 
the interaction mean square for the three-way crosses was 
significantly greater than that for the sterile single-crosses 
at the ten percent level of probability. 
Analysis of Environmental Responses 
The analysis of variance when environmental responses of 
entries are evaluated is given in Table 4. Partitioning of 
the entries sum of squares Is the same as in Table ]. Al­
though the differences among entries were tested against the 
pooled deviations in this analysis, whereas in the previous 
analysis they were tested against the pooled error for the 
entries x environments interactions, no changes in levels of 
significance were obtained for any of the paired comparisons 
among groups, or for the comparisons among entries within groups. 
The entries x environments (linear) mean square was signifi­
cant beyond the one percent level of probability,- indicating 
that the entries responded differently to the different 
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Table 4. Combined analysis of variance when responses of 
entries to different environments are evaluated 
Source of variation®' d.f, M.S. 
Environments (Env) 8 22212.82** 
Replicates/Env 8 78.36** 
Entries 87 516.65** 
P vs. H 1 23625.85** 
SSC vs. (PSC+T-WC) 1 2406.31** 
PSC vs. T-WC 1 81.21 
Among P 11 194.15** 
Among SSC 11 148.57** 
Among PSC 15 344.82** 
Among T-WC 47 210.48** 
Entries x Env 696 46.15** 
Entries x Env (1) 87 119.38** 
P vs. H X Env (1) 1 205.67* 
SSC vs. (PSC+T-WC) X Env (1) 1 220.93* 
PSC vs. T-WC X Env (1) 1 241.82** 
Among P X Env (1) 11 112.74** 
Among SSC x Env (1) 11 55.06 
Among PSC x Env (1) 15 140.02** 
Among T-WC x Env (1) 47 122.79** 
Pooled deviations 609 35.69* 
Pooled error 733 30.00 
= parents; H = hybrids; SSC = sterile single-crosses; 
PSC = fertile single-crosses; T-WC = three-way crosses. 
•Significant at the level of probability, 
**Signifleant at the 1% level of probability. 
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environments. The analysis also revealed that there were 
genetic differences among the parental lines, among fertile 
single-crossesI and among three-way hybrids for their re­
gression on the environmental indices. However, responses of 
the sterile single-crosses to the different environments were 
sufficiently alike to preclude an indication of significance 
for the among sterile single-crosses x environments (linear) 
interaction. 
The parents and the hybrids exhibited different responses 
to environments, as indicated by the significant (P<.05) 
parents versus hybrids x environments (linear) interaction. 
The hybrids were more responsive to environments than were 
the parental lines. Mean regression coefficients on the 
environmental index were 0.91 and 1,01 for the parents and the 
hybrids, respectively. Significant differences (P<.05) in 
responses to environments also were obtained between the 
sterile and fertile hybrids. Likewise, the fertile single-
crosses and three-way hybrids responded differently to the 
different environments, as indicated by the highly significant 
fertile single-crosses versus three-way crosses x environments 
(linear) interaction. 
Three parameters were estimated with this analysis, 
namely, the mean yield over all environments, the regression 
coefficient on an environmental index, and the mean square for 
the deviations from regression. Different interpretations of 
these parameters in relation to stability of performance have 
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been reported In the literature; therefore, a statement con­
cerning my concept of stability is necessary. A stable variety 
is hereby defined as one with a regression coefficient near 1.0 
and small deviations from regression, A high mean yield also 
is a desired attribute, although not necessarily an indicator 
of yield stability. 
Mean yields, regression coefficients, and mean sqaures of 
the deviations from regression for the individual groups of 
entries are presented in Table 5« The ranges among individual 
entries within each group for the three parameters also are 
given in the same table. It should be pointed out that the 
procedure for calculating the environmental indices leads to 
an average regression coefficient of 1.0. The compositing of 
individual entries may result in group regression coefficients 
that tend to approach the average. 
Fertile single-crosses were the most productive group in 
this study. They produced the highest mean yield over all 
environments and were second among the population types in 
terms of a regression coefficient near 1.0, but they had a 
relatively high mean square for deviations from regression. 
The three-way hybrids were second high in mean yield, but they 
had the regression coefficient nearest to 1.0 and the smallest 
mean square for deviations from regression. The sterile single-
crosses exhibited the highest regression coefficient and were 
second with regard to smallest deviations from regression, but 
they had a relatively low mean yield. Parental lines were the 
Table 5* Group means and range of individual entries within groups for yield, 
regression coefficient, and deviation mean squares 
Yield Regression Deviation 
Group®- (q/ha) coefficient mean square 
p Mean 54.8 0.91 49. 5** 
Range 48.7 - 61.7 0.53 - 1. 37 6. 2 - 97.1** 
A-lines Mean 52.5 0.90 47. 5* 
Range 48.7 - 55.1 0 « 62 — 1. 02 6. 2 - 84.1** 
B-lines Mean 56.2 1.02 53. 6** 
Range 53.6 - 61.7 0.83 — 1. 37 12. 8 - 97.1** 
R-lines Mean 55.8 0.83 47. 3* 
Range 53.8 - 58.2 0.53* - 1. 16 28. 8 - 80.3* 
SSC Mean 63.0 1.10 31. 9 
Range 59.2 - 68.4 0.85 T 1. 38** 10. 5 - 74.4* 
PSC Mean 67.1 1.07 40. 8* 
Range 59.6 - 74.6 0.68 - 1. 67** 21. 0 - 69.5* 
T-WC Mean 66.5 0.97 30. 7 




6 .  2 - 100.1** 
All entries Mean 64.5 1.00 35. 3* 
Range 48.7 - 74.6 0.45** - 1. 67** 6. 2 - 100.1** 
= parents5 SSC = sterile single-crosses; PSC = fertile single-crosses; 
T-WC = three-way crosses. 
^*,**Significantly different from 1.0 at the 5 and 1% level of probability, 
respectively. 
°*,**Slgnlficantly different from pooled error at the 5 and 1^ level of 
probability, respectively. 
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most unstable group, since their mean yield was lowest, their 
regression coefficient was smallest, and their deviation mean 
square was largest. Although the relative weighting of these 
parameters for evaluating stability is not clearly defined, a 
collective consideration of the parameters leads to the inter­
pretation that three-way hybrids were the most stable group 
in this experiment. 
The comparison between fertile single-crosses and three-
way crosses is of major interest. As a group, the three-way 
hybrids yielded slightly less than the fertile single-crosses 
but they were slightly superior in terms of the regression co­
efficient and deviations from regression. The slight superi­
ority for yield of the fertile single-crosses may be con­
sidered offset by a regression coefficient slightly closer to 
1.0 for the three-way hybrids, but the significantly smaller 
deviations from regression (P<.05» one tailed P-test) for the 
three-way hybrids leads to the conclusion that they were more 
stable in yield than the fertile single-crosses. 
The foregoing presentation dealt with comparisons among 
different types of populations, particularly between the fer­
tile single- and three-way crosses. However, the performance 
of individual hybrids across a range of environments seems more 
important practically. Mean yields, regression coefficients, 
and mean squares of the deviations from regression for indi­
vidual entries are presented in Table 6. Mean yields ranged 
from 48.7 to 74.6 q/ha, and regression coefficients and 
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Table 6, Mean yields, regression coefficients, and mean 










A Kafir 60 (AK) 
A Martin (AM) 
A Wheatland (AW) 
A Redlan (AR) 
B Kafir 60 (BK) 
B Martin (BM) 
B Wheatland (BW) 
B Redlan (BR) 
R Texas 7078 (RT) 
R Redbine 60 (RB) 
R Plainsman (RP) 


























































































^*,**Significantly different from 1.0 at the and 1# 
level of probability, respectively. 
^*,**SignifIcantly different from pooled error at th3 
and level of probability, respectively. 
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(AK X BM) 
(AK X BW) 
(AK X BR) 
(AM X BK) 
(AM X BW) 























































































































































(AW X BK) X RT 67.3 0.67** 15.0 
X RR 64.7 1.02 42.0 
X RP 62.6 0.74* 16.3 
X RC 71.5 1.07 22.7 
(AW X BM) X RT 65.2 0.45** 17.3 
X RR 61.5 1.02 20.1 
X RP 64.1 0.53** 10.6 
X RC 66.8 1.27* 13.5 
(AW X BR) X RT 67.3 0.95 31.8 
X RR 63.9 1.00 34.6 
X RP 63.2 1.08 15.9 
X RC 69.6 1.48* 75.4* 
(AR X BK) X RT 74.1 0.95 41.1 
X RR 68.7 1.24 28.1 
X RP 65.1 0.83 22.8 
BM) 
X RC 73.5 1.30** 12.6 
(AR X X RT 69.9 0.84 31.4 
X RR 64.7 1.18 25.4 
X RP 65.1 0.91 17.7 
X RC 70.5 1.21 38.4 
(AR X BW) X RT 68.7 0.74 45.2 
X RR 66.7 1.18 38.8 
X RP 68.9 0.93 10.8 
X RC 69.0 1.35 100.1** 
deviation mean squares ranged from 0,^5 to 1.6? and 6.2 to 
100.1, respectively. Among the 88 entries, 20 had regression 
coefficients that were significantly greater or smaller than 
1.0, and 14 had significant deviation mean squares. The 
ranges in grain yield among individual fertile single-crosses 
and among the three-way crosses were nearly identical. Regres­
sion coefficients ranged from 0.68 to 1.6? for the fertile 
single-crosses and 0.45 to 1.48 for the three-way crosses. The 
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range of deviation mean squares among the three-way hybrids 
was considerably larger than that of the fertile single-
crosses (6.2 to 100.1 and 21.0 to 69.4 for the three-way and 
fertile single-crosses, respectively). However, the three-way 
hybrids usually had a smaller deviation mean square than did 
the fertile single-crosses. Mean yields of the parental lines 
were relatively low, whereas those of the sterile single-
crosses were intermediate, A wide range among the regression 
coefficients and deviation mean squares was observed for these 
two groups. A graphical portrayal of the relationships between 
mean yields and regression coefficients for the parental lines 
and sterile single-crosses is presented in Figure 1, and that 
of the fertile single-crosses and three-way crosses is shown 
in Figure 2. One standard deviation above and below the mean 
yield and average regression coefficient are delineated re­
spectively by the vertical and horizontal lines. 
The four highest yielding fertile single-crosses and the 
twelve highest yielding three-way crosses were selected to 
represent the top 25 percent of each type of cross. Their 
mean yields, regression coefficients and deviation mean 
squares are shown in Table ?• Four pairs of the three-way 
hybrids in this table involved reciprocal crosses of the 
sterile single-crosses that were used as the female parents. 
Several of these hybrids showed good stability for grain yield, 
(Redlan x Combine Kafir 60) x Texas 7078, (Combine Kafir 60 x 
Redlan) x Texas 7078, (Wheatland x Combine Kafir 60) x Caprock, 
Figure 1, Relationships among mean yields and regression coefficients for 
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Figure 2. Relationship among mean yields and regression coefficients for 
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Table ?. Performance of the highest yielding fertile single-crosses and three-way 
crosses at nine environments 
Yield (q/ha)' 
Lowest yielding 
env. (No. 5) 
Hybrid Y 
Highest yielding 









AR X RT 54.9 53.5 74.6 87.1 86.1 1.00 58.7 
AR X RC 44.3 42.7 72.5 86.9 88.9 1.42* 62.1* 
AK X RT 59.1 57.2 72.3 83.5 80.6 0,72 58.1 
AK X RG 39.2 44.4 72.2 93.1 87.4 1.32 54.9 
Three-way crosses 
(AR X BK) X RT 















(AR X BK) X RC 















®Y = actual yield; Y = predicted yield using mean and regression coefficient 
on environmental index. 
b*^**Significantly different from 1.0 at the 5^ and 1^ level of probability, 
respectively. 
®*,**SignifIcantly different from error mean square at the 5^ and 1^ level of 
probability, respectively. 















M.S.G Y Y y Y 
(AW X BK) X RC 49.1 49.1 71.5 82.0 83.7 1.07 22.7 
(AM X BR) X RT 52.9 49.8 70.7 90.4 82.2 1,00 32.6 
(AR X BM) X RT 53.9 52.3 69.9 83.2 79.6 0.84 31.4 
(AR X BM) X RC 44.3 45.2 70.5 89.4 84.3 1.21 38.4 
(AW X BR) X RC 35.6 38.5 69,6 82.5 86.7 1.48* 75c4* 
(AR X BW) X RC 43.1 40.7 69.0 77.9 84.6 1.35 100.1** 
(AK X BM) X RT 52.9 49.8 69.0 81.4 79.6 0.92 29.8 
(AH X BK) X RC 47.9 50.1 69.0 79.2 79.3 0.90 61.0* 
Mean (all entries) 43.6 









(Martin x Redlan) x Texas 7078, and (Combine Kafir 60 x 
Martin) x Texas 7078 were among the most stable entries. 
Their mean yields were relatively high, their regression co­
efficients were near 1,0, and their deviation mean squares 
were small. Among the highest yielding fertile single-crosses, 
Redlan x Texas 7078 was the only one that seems acceptable as 
a stable variety, although its deviation mean square was rela­
tively high. This single-cross hybrid had the highest mean 
yield over all the environments of this experiment. Combine 
Kafir 60 x Caprock yielded poorly at the lowest yielding 
environment, but yielded exceptionally well at the highest 
yielding environment. The reverse situation occurred for 
Combine Kafir 60 x Texas 7078. The large regression coeffi­
cient and deviation mean square for Redlan x Caprock indicate 
that this hybrid lacks stability. 
Genetic Analysis 
The analysis of variance when genetic effects are evalu­
ated is given in Table 8. The entries source of variation 
was partitioned into variation attributable to various 
genetic effects, as specified in the genetic model, and the 
residual. The residual variation included reciprocal effects, 
epistasis, and other deviations from the genetic model. All 
of the additive and dominant effects were significant (P<.01), 
with the exception of specific heterosis of the A x R crosses 
(s^j). All of the interactions of individual additive effects 
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Table 8. Analysis of variance when genetic effects are 
evaluated 



















































*,**Signifleant at the 5^ and level of probability, 
respectively. 
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Table 8, (Continued) 
Source of variation d.f. M.S. 
Entries x Env 696 46.15** 
Entries x Env (1) 87 119.38** 
Additive X Env (1) 7 942.47** 
v^ X Env (1) 3 761.99** 
Vj X Env (1) 3 1358.88** 
r X Env (1) 1 234.69* 
Dominance x Env (1) 22 53.94 
h X Env (1) 1 267.32* 
rh X Env (1) 1 15.89 
X Env (1) 3 135.34* 
hj X Env (1) 3 14.31 
rhhj^ X Env (1) 3 32.22 
Sii# X Env (1) 2 7.82 
X Env (1) 9 38.04 
Cytoplasm x Env (1) 1 57.53 
cVj^ X Env (1) 3 64.05 
Residual x Env (1) 5^ 43.55 
Pooled deviations 609 35.69* 
Pooled error 783 30.00 
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with environments (linear) also were significant. For the 
dominance x environments (linear) interaction, only the h x 
environments (linear) and the h^ x environments (linear) 
sources were significant (P<.05)« The cytoplasm x environments 
(linear), cv^^ x environments (linear), and residual x environ­
ments (linear) effects were not significant. These results 
suggested that the differences in environmental responses 
among entries could be explained largely in terms of additive 
gene action, and to a lesser extent by dominant genetic effects. 
Mean yields of the A- and B-lines as lines per se, in 
single-crosses, and in three-way crosses are shown in Table 9* 
A similar presentation for the R-lines is given in Table 10. 
The cytoplasm effect is evident from the higher mean yield of 
the B-lines than that of the A-lines as lines per se. Varia­
tions among the differences between yields of individual A-
lines and their B-line counterparts also were obtained, indi­
cating that there were interactions between the cytoplasm and 
additive line effects, although not of great magnitude. It 
should be pointed out that an A-line and its B-line counter­
part were assumed isogenic and that they differed only in 
cytoplasm. Residual genetic differences between the two lines 
may exist, however, and their effects cannot be differentiated 
from cytoplasmic effects. Also, the cv^ effects could be ex­
plained partly, or perhaps wholly, in terms of variation of 
these residual genetic differences. 
Mean yield of the R-lines was slightly less than that of 
Table 9. Mean yields in q/ha of A 
and in three-way crosses 
Line 
Line per se 
A B Mean 
Kafir 60 48. 7 54.1 51.4 
Martin 55. 1 53.6 54.4 
Wheatland 51. 0 55.2 53.1 
Redlan 55. 1 61.7 58.4 
Mean 52. 5 56.2 54.3 
LSD .05 3. 9 3.9 2.8 
and B-lines as lines per se, in single-crosses, 
Yield (q/ha) 
In SSC In PSC In T-WC 
A B Mean A A B Mean 
61.9 61.5 61.7 69.7 67.4 67.7 67.5 
61.4 63.3 62.3 62.7 64.7 65.9 65.3 
63.9 64.2 64.1 65.2 65.7 65.3 65.5 
64.8 63.0 63.9 70.8 68.2 67.0 67.6 
63.0 63.0 63.0 67.1 66,5 66.5 66.5 
2.3 2.3 1.6 2.0 1.1 1.1 0.8 
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Table 10. Mean yields in q/ha of R-lines as lines per se 
in single-crosses, and in three-way crosses 
Yield (q/ha) 
Line In 
Line per se In PSC T-WC 
Texas 7078 53.8 69.4 68.6 
Redbine 60 57.0 65.3 65.1 
Plainsman 54,3 64.0 63.2 
Caprock 58.2 69.7 69.0 
Mean 55.8 67.1 66.5 
LSD .05 3.9 2.0 1.1 
the B-lines, but the mean of the fertile single-crosses was 
considerably higher than that of the sterile single-crosses. 
This indicates a higher average heterosis for the A x R 
crosses than that of the A x B crosses. Evidence for an 
appreciable rhh^ effect may be seen by comparing the yields 
of Combine Kafir 60 in the different types of crosses. Mean 
yield of the sterile single-crosses involving Combine Kafir 60 
was below the average yield of all sterile single-crosses, but 
this parent gave above average yielding fertile single-crosses 
and three-way crosses. 
The performances of each parental line in hybrid combina­
tions were quite consistent, regardless of whether the parents 
were used as A- or B-lines. As lines per se, Redlan and Martin 
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yielded relatively high, and Caprock and Rebine 60 were the 
high yielding R-lines. In hybrid combinations, the fertile 
single-crosses and three-way crosses Involving Redlan and 
Combine Kafir 60 usually were high yielding. The high com­
bining ability of these four parents was clearly demonstrated 
by the fact that all of the highest yielding hybrids shown in 
Table 7 had either Redlan or Combine Kafir 60 or both as a 
female parent, and Texas 7078 or Caprock as a male parent. 
Table 11 gives the mean regression coefficients of the A-
and B-lines as lines per se, in single-crosses, and in three-
way crosses. Regression coefficients of the R-llnes are shown 
in Table 12. Among the A- and B-lines, Redlan exhibited rela­
tively high regression coefficients, both as a line per se 
and in crosses. The opposite generally was true for Wheat­
land. With the exception of fertile single-crosses, the 
rankings of the mean regression coefficients of Combine Kafir 
60, Martin, Wheatland, and Redlan as lines per se and in 
crosses were identical. Among the R-lines, Caprock and hybrids 
involving Caprock as a male parent were highly responsive to 
the different environments, but Texas 7078 and hybrids involv­
ing this parent had relatively low regression coefficients. 
Rankings of the mean regression coefficients of the four R-
llnes as lines per se and In crosses were the same, demonstrat­
ing the importance of additive gene action for this parameter. 
The genetic analysis of the deviations from regression 
is shown in Table I3. Deviation mean squares of the A- and 
Table 11, Mean regression coefficients of A- and B-lines as lines per se. in 
single-crosses, and in three-way crosses 
Line 
Line 1 per se In SSC In FSC In T-WC 
A B Mean A B Mean A A B Mean 
Kafir 60 1.03 0.94 0.98 1.00 1.16 1.08 0.99 0.98 0.95 0.96 
Martin 1.01 0.93 0.97 1.05 1.10 1.08 0.97 0.91 0.93 0.92 
Wheatland 0.62 0.83 0.72 1.07 0.97 1.02 1.02 0.94 0.89 0.91 
Redlan 0.94 1.37 1.16 1.29 1.17 1,23 1.31 1.06 1.13 1.09 
Mean 0.90 1.02 0.96 1.10 1.10 1.10 1.07 0.97 0.97 0.97 
LSD .05 0.37 0.37 0.26 0.21 0.21 0.15 0.18 0.11 0.11 0.08 
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Table 12. Mean regression coefficients of R-llnes as lines 
per se, in single-crosses, and In three-way crosses 
Line 
Line 
per se In FSC 
In 
T-WC 
Texas 7078 0.53 0.83 0.80 
Redblne 60 0.97 1.23 1.04 
Plainsman 0.64 0.99 0.82 
Caprock 1.16 1.23 1.22 
Mean 0.83 1.07 0.97 
LSD .05 0.37 0.18 0.11 
B-lines and of tlae E--lines are presented, respectively, in 
Tables 14 and 15, as lines per se and in crosses. The residu-
al mean square after fitting the genetic model was used as the 
denominator for the F tests in this analysis. Only the average 
heterosis (h) and! the cv^^ effects showed significance statis­
tically, exceedLmg the five and one percent levels of 
probability, respectively. The mean deviation mean squares 
of the parental Lines were larger than those of the hybrids. 
This difference naay be attributed to the better buffering 
capacity of the laybrids as a result of heterozygosity, and 
also to the heterogeneity of the three-way hybrids. The cv^^ 
effect was evidemt from the contrasting size of the deviation 
mean squares for the A-lines per se and their B-line 
counterparts. 
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Table I3. Genetic analysis of deviations from regression^ 
Source of variation d.f. M.S. 




r 1 0.07 
Dominance effects 22 1.85 
h 1 14.44* 
rh 1 0.00 
hi 3 1.17 
3 2.34 
rhh^ 3 0.60 
®ii' 2 1.19 
^ij 9 1.28 
Cytoplasm (c) effects 1 0.34 
CVi 3 13.79** 
Residual 54 3.19 
^'Square roots of the deviation mean squares were used in 
the analysis. 
*,**Slgnificant at the and \% level of probability, 
respectively. 
Table 14, Mean deviation mean squares of A- and B-llnes as lines per se, in 
single-crosses, and in three-way crosses 
Line 
Line per se In SSG In FSC In T-WC 
A B Mean A B Mean A A B Mean 
Kafir 60 47.6 12.8 30.2 24.3 33.6 28.9 47.0 30.8 26.1 28.6 
Martin 6.2 97.1 51.6 30.5 19.4 25.0 30.6 31.7 22.9 27.2 
Wheatland 84.1 27.1 55.6 27.3 48.7 38.0 42.8 26.3 36.6 31.4 
Redlan 52.2 77.4 64.8 45.5 25.9 35.7 42.8 34.4 37.4 35.9 
Mean 47.5 53.6 50.6 31.9 31.9 31.9 40.8 30.7 30.7 30.7 
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Table I5. Mean deviation mean squares of R-llnes as lines 
per se, in s ing le-crosses,  and in three-way crosses 
Line In 
Line per se In PSC T-WG 
Texas ?0?8 36.7 40.4 30.0 
Redbine 60 80.3 31.4 31.8 
Plainsman 28.8 45.0 23.5 
Caprock 43.4 46.5 38.4 
Mean 47.3 40.8 30.7 
Prediction of the Performance of Three-way Crosses 
Five methods were used to predict the mean yields and re­
gression coefficients of the three-way hybrids. Deviation mean 
squares of the three-way crosses also were predicted by Methods 
3t 4, and 5* To evaluate the effectiveness of the prediction 
methods, correlation coefficients describing the relationship 
between the observed and predicted values from Individual 
methods were calculated for all three parameters. These corre­
lations are presented in Table I6. The observed and predicted 
values for the mean yield, regression coefficient, and devia­
tion mean square of each hybrid are given, respectively, in 
Appendix Tables 20, 21, and 22. 
Per mean yield, the correlations between the observed and 
predicted values from Methods 1, 2, and 3 were particularly 
high. Method 3 (Jenkins* Method B) gave the highest 
Table l6. Simple correlations between observed and predicted values for mean yield 
over all environments, regression coefficient, and deviation mean square 
of three-way hybrids 
Parameter 
Method of prediction 
Method 1 Method 2 Method 3 Method 4 Method 5 
Mean yield 0,89?** 0,784** 
Regression coefficient 0,669** 0,791** 










^Method 1. Genetic model included u, Vj^, v., r, h, rh, h., h^, rhh., and Sx., 
Method 2. Genetic model included u, v^, vS, r, h. 
Method 3» Jenkins' Method B. 
Method h. Parental performance using A-lines. 
Method 5» Parental performance using B-lines in place of A-lines, 
**Significantly different from zero at the \% level of probability. 
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correlation (r=0.900) between the predicted and observed 
yields, although Method 1 was equally effective (r=0,897). 
The correlations obtained with these two methods (Methods 1 
and 3) were significantly higher (P<,05) than that obtained 
with Method 2. The correlation obtained with Method 5 was 
significant (P<,01) but the coefficient was small, indicating 
relatively poor agreement between the observed and predicted 
values. Method 4 gave predicted yields that showed very low 
correlation with the observed yields. 
Good predictions of the regression coefficients of three-
way hybrids were obtained from all methods, with the correla­
tion coefficients ranging from 0,669 to O.836. The best re­
sults were obtained with Method 5 where the prediction was 
based on parental performance per se, but used the regression 
coefficients of B-lines rather than those of their A-line 
counterparts. Correlations between the observed and predicted 
values were very low (and not significant) when the three 
methods were used to predict the deviation mean squares of the 
three-way hybrids. 
Manifestation of Heterosis at Different Environments 
Actual and percentage heterosis at individual environments 
were calculated for all hybrids to examine the expression of 
heterosis at these environments. Mid-parent values were com­
puted both by using the A-line yields and by using the yields 
of B-llnes in substitution for their A-line counterparts. The 
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resulting heterosis was designated Heterosis A and Heterosis 
B, respectively. Mid-parent values of the three-way crosses 
were calculated by straight average and by weighted average of 
the parental values, as described in the Materials and Methods. 
The actual and percentage heterosis were averaged for individu­
al hybrid groups and are presented in Tables 17 and 18, re­
spectively, for Heterosis A and Heterosis B. To facilitate 
the determination of whether there was a trend for heterosis 
to increase or decrease as the level of productivity increased, 
regression and correlation coefficients were computed to re­
late the mean heterosis with environmental mean yields. These 
coefficients are included in Tables 17 and 18, 
Since the B-lines generally yielded better than their A-
line counterparts, Heterosis A was expected to be higher than 
Heterosis B. This expectation was confirmed for all hybrid 
groups by the higher means over all environments for Heterosis 
A than the corresponding means for Heterosis B, Both the 
actual and percentage heterosis values varied appreciably from 
environment to environment for all hybrid groups. But, a 
definite trend for the association of increases or decreases 
in heterosis with productivity of the environments was not 
discernible. And, none of the regression and correlation co­
efficients (7 d.f.) was significantly different from zero. 
Among the individual hybrid groups, either the actual 
heterosis showed a slight tendency to increase as the level 
Table 17. Average actual (q/ha) and percentage Heterosis A 
of single- and three-way crosses at each environ­
ment, and their regression and correlation with 





















































®A-line means were used to calculate mid-parent values. 
^Arranged in order from low to high yielding environments. 
id-parent of T-WC I = lA + IB + IR. 
d 3 3 3 
Mid-parent of T-WC II = lA + IB + IR. 




3 7 4 
All 
env. b r 
7.97 11.73 8.52 8.79 8.69 0.144 0. 559 
14.05 20.36 12.69 13.90 16.12 0.025 0. 053 
12.77 13.37 11.22 17.79 12.95 0.209 0. 578 
22.09 22.62 16.72 28.97 24.06 0.045 0. 064 
12.17 12.26 8.56 13.59 11.67 0.058 0. 249 
20.65 21.41 12.67 21.16 21.36 -0.262 — 0 e 486 
11.66 11.23 8.74 13.76 11.43 0.079 0. 317 
19.35 18.50 12.94 21.46 20.80 -0.186 -0. 345 
a 
Table 18. Average actual (q/ha) and percentage Heterosis B 
of single- and three-way crosses at each environ­
ment, and their regression and correlation with 




















































^B-line means were used in place of A-llnes to calculate 
mid-parent values, 
^Arranged in order from low to high yielding environments. 
^Mid-parent of T-WC I = lA' + IB + IR. 
^Mid-parent of T-WC II = lA' + IB + IR. 
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Environment 
6 3 7 4 
All 


























































of productivity increased and there was no apparent trend for 
the percentage heterosis values, or the actual heterosis 
showed no trend but the percentage heterosis had a tendency 
to decrease slightly as environmental mean yields increased; 
or both the actual and percentage heterosis showed no trend 
at all in relation to the yield levels. Collectively, I 
interpreted these results as indicative that the manifestation 
of heterosis by the hybrids in this experiment was independent 
of the environmental conditions. 
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DISCUSSION 
Three-way hybrids of grain sorghum might be preferable, 
for commercial production, over single-cross hybrids for two 
main reasons. First, three-way hybrids may possess greater 
yield stability across varying environmental conditions than do 
single-cross hybrids. Second, the production cost per bushel 
of the three-way hybrid seed may be lower than that of the 
single-cross seed. These possible advantages of three-way 
over single-cross hybrids were examined in this study. 
Parameters used to evaluate yield stability were the regres­
sion coefficient on the environmental index and the deviation 
mean square. Although not necessarily an indicator of 
stability, mean yield also was considered a most important 
parameter, since only stable varieties with high mean yields 
would be acceptable to growers and seedsmen. 
My results indicated that the mean yields of the fertile 
single-crosses and those of the three-way crosses were nearly 
identical in all of the nine environments in which they were 
grown. The fertile single-crosses had a small advantage in 
seven environments, but the three-way hybrids yielded slightly 
better in the other two environments (Table 2). None of the 
yield differences between the two groups in the individual 
environments was large enough to be significant. Averaged 
over all environments, the mean yield of the fertile single-
crosses was only 0.6 q/ha higher (less than 1^) than that of 
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the three-way crosses. Also, the ranges of yields among the 
individual hybrids within each type of cross were quite 
similar in all environments. The highest yielding single-
cross yielded slightly more than the highest yielding three-
way cross in five environments. The reverse was true for the 
remaining four environments. In all instances, these yield 
differences were very small. Practically, the two groups were 
considered equivalent in yielding ability. These results are 
in close agreement with those reported previously for grain 
sorghum (Stephens and Lahr, 1959? Doggett and Majisu, I966; 
Liang, 1971; and Walsh, 1971). 
It should be pointed out that my results were obtained 
from a selected group of lines. If the lines are derived 
instead from a random mating population and if epistasis is 
not important, it should always be possible to obtain a single-
cross that will outyield any of the three-way crosses from the 
same set of lines. This superiority is due to a larger vari­
ance among single-crosses than among three-way crosses, as 
pointed out by Cockerham (I96I). 
Comparisons of the stability parameters indicated that 
the three-way hybrids had a mean regression coefficient that 
was closer to 1.0 and a smaller deviation mean square than did 
the fertile single-crosses. Although the advantage of the 
three-way hybrids for the regression coefficient was very small 
and could be disregarded, the significantly smaller deviation 
mean square of the three-way hybrids lead me to the conclusion 
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that, as a group, the three-way hybrids were more stable in 
yield than were the fertile single-crosses. 
In practice, only certain hybrids within each group would 
be selected for commercial production. Comparisons of the best 
single-crosses and the best three-way crosses, therefore, should 
be more valuable than the group comparisons. High mean yield is 
a most important and desirable attribute; thus, comparisons of 
the yield stability of the highest yielding single- and three-
way crosses (Table 7) are particularly meaningful. Several of 
the high yielding three-way hybrids showed good stability for 
grain yield. Only one of the high yielding single-crosses 
(Redlan x Texas 7078) was acceptable for both stability parame­
ters, A few other fertile single-crosses also showed good yield 
stability, as judged from the regression coefficients and devia­
tion mean squares, but their mean yields were relatively low 
(Table 6), The three-way hybrids may have been more stable in 
yield than the fertile single-crosses as a result of population-
al buffering. However, populational buffering does not have an 
overriding influence over individual buffering capacity, and 
high-yielding single-crosses with good yield stability could be 
obtained, A similar conclusion has been drawn by Eberhart and 
Russell (1966 and I969) from experiments with com. 
The production cost per bushel of three-way hybrid seed 
will be lower than that of the single-cross seed only if the 
yield superiority of the sterile single-cross seed parent, 
over the sterile line, is large enough to offset the extra 
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storage and handling expenses encountered in the production 
of three-way hybrid seed. In this study, the mean yield over 
nine environments of the sterile single-crosses was 20^ higher 
than that of the sterile lines (A-lines). In Individual en­
vironments, the yield superiority of sterile single-crosses 
over the sterile lines ranged from Q% at Sutherland in 1970 to 
30^ for the late-planted test at Ames in 1970 (Table 2). 
Whether or not a yield superiority of this magnitude will be 
sufficient to lower the cost per bushel of three-way hybrid 
seed is questionable. It seems likely that the reduction in 
production cost, if it occurs, would not be enough to be 
attractive to seed producers. 
In view of these results, there appears to be no great 
incentive to change from single-crosses to three-way hybrids 
in sorghum. An Intensified effort towards selecting for 
stability in high yielding single-crosses seems preferable as 
an approach for obtaining yield stability. If this approach 
is to be followed, additional information concerning the in­
heritance of the stability parameters would be useful to 
sorghum breeders. 
The genetic analysis indicated that the variations in 
grain yields among entries were attributable to additive and 
dominant genetic effects (Table 8). Sprague et al. (I962) 
have shown that the mean yield of a balanced set of three-way 
crosses and that of the corresponding set of single-crosses 
would be different if epistatic effects are sufficiently large. 
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The close similarity between the mean yield of the fertile 
single-crosses and that of the three-way crosses, together 
with the lack of significance of the residual mean square 
after fitting the genetic model, were considered as indica­
tions that epistasls was not an Important factor in the ex­
pressions of yield of the sorghum populations used in this 
study. The genetic analysis also indicated that the differ­
ences in environmental responses obtained among the entries 
could be explained largely in terms of additive gene action, 
and to a lesser extent by dominant genetic effects. No evi­
dence was obtained which Indicated that epistasls was re­
sponsible for the differential responses to environments among 
entries. Similar results have been obtained from experiments 
with com (Eberhart and Russell, I966 and I969), barley 
(Finlay, I963), and tobacco (Buclo Alanls, Perkins, and Jinks, 
1969). The results of the genetic analysis strongly suggested 
that selection for the desired level of responsiveness to 
environments should be effective. The experiment conducted 
Scott (1967) with com populations is a good example of 
the success of this kind of selection. 
Inheritance of the deviations from regression appeared 
to be complex. Variation of the deviations from regression 
among entries could be explained, to a small extent, by 
dominant gene effects, but could not be accounted for by 
additive gene effects (Table 13)« Eplstatlc effects could not 
be tested statistically In this analysis. However, judging 
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from the size of the residual mean square, epistatic effects 
seemed no more important than additive or dominant effects. 
The hybrids as a group had smaller deviations from regression 
than did the group of parental lines. This phenomenon could 
be explained in terms of greater buffering capacity of the 
hybrids due to heterozygosity, and also due to heterogeneity 
of the three-way crosses. The interaction of cytoplasm 
effects and additive line effects seemed to be of significant 
magnitude, but a rationale for this interaction is not readily 
apparent. These results suggested that recurrent selection 
for small deviations from regression would not be an effective 
breeding procedure. 
Evaluation of the methods for predicting the yields of 
three-way hybrids indicated that Method 3 and Method 1 gave 
the best predictions and were equally effective (r = 0.900 
and 0,897 for Method 3 and Method 1, respectively). However, 
the predictions with Method 3 are easy to obtain and the 
method is applicable to any set of crosses, whereas Method 1 
requires a full diallel or a balanced set of crosses that 
permits genetic analysis and involves complicated computations. 
Therefore, Method 3 is preferable to Method 1 for predicting the 
yield of three-way hybrids. Method 2 also gave good predic­
tions, but it was slightly inferior to Methods 1 and 3* The 
predicted yields of the three-way hybrids based on parental 
performance per se (Methods 4 and 5) were in poor agreement 
with the observed yields. 
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The results obtained from these prediction methods were 
in accord with the relative importance of various kinds of 
genetic effects for yield as shown by the genetic analysis in 
Table 8. Predictions with Method 5 were based on additive 
genetic effects only. Since dominant effects accounted for a 
relatively large portion of the variation among entries, ex­
clusion of the dominant effects from the prediction equation 
should result in poor predictions. Even poorer predictions 
were obtained when yields of the male-sterile lines (A-lines) 
were used in the equation (Method 4). This may be a result 
of reduced seed set in the male-sterile lines, since the A-
lines did not always seem to yield up to their potential. 
Some bias likely was introduced when A-line yields were used 
in the prediction equation. 
The genetic model used with Method 2 included all the 
additive effects and the average heterosis (h) effect, which 
accounted for a major part of the variation in yields among 
entries. Therefore, good predictions of yields were expected 
with this method. The predictions with Method 1 were based on 
all the genetic effects that were significant, except the 
cytoplasm and cVj^ effects. It is not surprising that a high 
correlation between the predicted and observed yields was 
obtained. Prediction with Method 3 (Jenkins* Method B) is 
equivalent to prediction with the genetic model which includes 
all the genetic parameters that were included in Method 1 plus 
the cytoplasm, cv^, and s^^ effects. Since the cytoplasm and 
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cv^ effects were significant, inclusion of them in the predic­
tion equation should improve the effectiveness of the predic­
tions. This would explain why better results were obtained 
with Method 3 than with Method 1, 
It should be pointed out that the correlations between 
observed and predicted yields obtained with Methods 1, 2, and 
3 were very high» This is because the predictions were based 
on data from a relatively large number of environments, and 
they were used to predict the means over all environments. 
Otsuka et al. (1972) have shown that the efficiency of pre­
dictions Increases as an increasing number of environments 
are Included, because the contribution of both the genotype 
by environmental interactions and the experimental error to 
the phenotypic variance of a hybrid mean is reduced as the 
number of environments increases. 
The results obtained for the prediction of the regression 
coefficients of the three-way crosses may be explained in a 
similar fashion. The genetic analysis indicated that the 
genetic effects for this parameter were primarily additive. 
Only a small portion of the differential responses to environ­
ments among entries could be attributed to dominant gene 
effects. Therefore, the prediction methods that include only 
additive effects (Methods 4 and 5) or additive and significant 
dominant effects (Method 2) should be expected to give better 
results than the prediction methods which include other non­
significant genetic effects (Methods 1 and 3)» Relative 
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magnitudes of the correlations obtained with the different 
methods were in harmony with this reasoning. The results 
obtained for the predictions of deviation mean squares of the 
three-way hybrids also were in accord with the results of the 
genetic analysis of the deviations from regression, but the 
correlations between the predicted and observed values were 
very low for all methods, because the genetic effects were 
not significant. 
The results of experiments conducted by Rowe and Andrew 
(196^ ) with com. Griffing and Langridge (I963) with 
Arabidopsis thaliana, and Allard and Workman (I963) with lima 
beans, suggested that the expression of heterosis by hybrids 
might be associated with the environmental conditions in which 
the hybrids and their parents were grown. In my study, the 
environmental mean yield was considered an index of the com­
plex environment. Examination of the actual and percentage 
heterosis values revealed no apparent trend for relating levels 
of heterosis with either decreases or increases in the pro­
ductivity of environments. Within the range of environmental 
conditions encountered in this study, the manifestation of 
heterosis seemed independent of the environmental conditions. 
Similar results have been reported by Doggett (I969)» who 
found that the yield superiority of sorghum hybrids over their 
parents remained constant for the wide range of yield levels 
included in his experiments in Africa, 
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SUMMARY 
Twelve sterile single-crosses, 16 fertile single-crosses, 
and 48 three-way sorghum hybrids together with their 12 
parental lines were grown in nine environments over three 
years in Iowa, The parents Included four male-sterile (A) 
lines, their four nonrestorer (B-lines) counterparts, and four 
fertility restorer (R) lines. A considerable range in pro­
ductivity was represented among the environments, with en­
vironmental mean yields ranging from a low of ^3.6 to a high 
of 76.1 q/ha. 
The responsiveness of each entry to environments was 
evaluated using the procedure described by Eberhart and 
Russell (1966), The resulting parameters (regression coeffi­
cient upon the environmental index and the deviation mean 
square) were used to evaluate yield stability of the entries, 
A stable entry or population was defined as one with a regres­
sion coefficient close to 1,0 and a small deviation mean 
square, A high mean yield also was deemed an essential attri­
bute for an entry or population. 
The results indicated that the yielding ability of the 
fertile single-crosses and three-way crosses were equivalent. 
Mean yield of the fertile single-crosses and that of the 
three-way crosses were nearly identical in all environments. 
Also, the ranges of yields among the individual hybrids within 
each type of cross were similar. Averaged over all environ­
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ments, the fertile single-crosses yielded 67.I q/ha as com­
pared to 66.5 q/ha for the three-way crosses. 
As a group, the three-way hybrids were slightly more 
stable in yield than were the fertile single-crosses. The 
three-way hybrids had a mean regression coefficient slightly 
closer to 1,0 and a smaller deviation mean square than did the 
fertile single-crosses. However, wide ranges of the stability 
parameters were obtained among the hybrids within each type 
of cross. Several of the high yielding three-way hybrids 
showed good stability for grain yield, A high yielding single-
cross that exhibited good yield stability also was detected. 
The results were interpreted as indicative that populational 
buffering does not have an overriding Influence over individual 
buffering capacity, and that effective selection for stability 
should be possible among high yielding single-crosses. 
Genetic analyses were performed to determine the relative 
importance of various types of genetic effects for grain yield 
and for stability parameters, A genetic model adapted from 
that suggested by Eberhart and Gardner (I966) was used in these 
analyses. The results indicated that nearly all of the varia­
tion in grain yield among entries could be accounted for by 
additive and dominant gene effects. The differences in en­
vironmental responses among entries could be explained largely 
in terms of additive gene action, and to a lesser extent by 
dominant genetic effects. No evidence was obtained which 
indicated that eplstasis was responsible for yield differences 
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or the differential responses to environments among entries. 
Variation among entries for deviations from regression 
could be explained, to a small extent, by dominant gene 
effects, but could not be accounted for by additive gene 
effects. Epistatic effects seemed no more important for this 
parameter than did additive or dominant effects, but the 
Interaction of cytoplasm effects and additive line effects 
was of significant magnitude. 
Five methods were used to predict the mean yields and 
regression coefficients on the environmental index of the 
three-way hybrids. Deviation mean squares of the three-way 
hybrids were predicted by three methods. Method 3 (Jenkins* 
Method B) and Method 1 gave the best predictions of the mean 
yields, and were equally effective. However, Method 3 was 
considered preferable because of its simplicity. Good predic­
tions of the regression coefficients were obtained from all 
methods. The best results were obtained with Method 5 where 
the predictions were based on parental performance per se, but 
used the regression coefficients of B-lines rather than those 
of their A-line counterparts. None of the methods gave good 
predictions of the deviation mean squares of the three-way 
hybrids. 
The magnitude of heterosis expressed at the different 
environments was examined by calculating the actual and per­
centage heterosis for the yield of each cross at each environ­
ment. The manifestation of heterosis by the hybrids seemed 
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independent of the environmental conditions in which the 
hybrids and parents were grown. 
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Legend of Symbols for Appendix Tables 
AK = A Combine Kafir 60 BK = B Combine Kafir 60 
AM = A Martin BM = B Martin 
AW = A Wheatland BW = B Wheatland 
AH = A Redlan BR = B Redlan 
RT = R Texas 7078 
RR = R Redbine 60 
RP = R Plainsman 
RC = R Caprock 
% 
Table 19, Individual entry mean yields (q/ha) at each environment 
Environment^ 




















































































































































^Arranged in order from low to high yielding environments, 
Table I9, (Continued) 
Environment 
Entry 5 2 9 8 1 6 3 7 4 
AM X BK 36.1 50.1 60.7 63.3 63.7 61.5 67.8 75.5 73.9 
X BW 39.8 46.1 63.0 60.7 63.4 61.3 72.9 64.4 71.0 
X BR 39.8 41.2 59.5 73.4 59.5 69.1 67.5 76.3 76.5 
AW X BK 39.7 44.7 64.3 71.5 71.3 62.8 75.4 71.9 73.6 
X BM 42.8 45.8 60.0 55.8 63.8 69.4 71.6 74.6 71.9 
X BR 46.6 50.9 62.2 68.1 70.8 72.3 72.5 82.0 74.9 
AR X BK 31.4 42.1 57.1 61.3 58.5 57.7 67.5 80.6 76.7 
X BM 34.0 47.8 66.7 74.5 70.6 71.9 74.5 83.8 78.1 
X BW 43.1 48.0 65.1 81.4 73.6 78.2 66.7 81.4 77.9 
Fertile single-crosses 
AK X RT 59.1 56.8 71.5 84.3 72.0 70.3 77.0 76.1 83.5 
X RR 42.8 47.1 72.4 70.5 68.3 72.3 72.0 80.0 85.5 
X RP 47.4 57.4 71.5 74.6 71.6 66.8 65,6 69.2 75.1 
X RC 39.2 57.4 75.2 77.5 74.1 72.0 76.5 84.7 93.1 
AM X RT 46.9 53.3 67.3 69.2 63.3 63.4 72,3 71.7 77.3 
X RR 36.8 46.5 59.7 52.8 59.7 65.4 73.8 70.4 71.6 
X RP 32.3 47.4 65.4 57.9 60.9 66.1 66.8 69.3 70.1 
X RC 44.2 53.1 67.8 61.7 70.1 73.1 77.5 75.8 75.6 
AW X RT 49.9 52.6 64.1 66.7 70.7 65.2 73.2 70,0 79.2 
X RR 41.3 53.4 59.5 72.7 70.5 69.9 75.1 70.8 77.9 
X RP 36.0 51.9 53.7 67.0 57.6 66.1 77.7 73.1 72.7 
X RC 44.8 44.8 67.7 69.7 72.7 72.2 73.1 89.4 74.5 
AR X RT 54.9 56.9 81.8 74.9 73.9 77.4 72.5 91.8 87.1 
X RR 34.2 42.8 62.1 66.3 77.6 78.3 76.0 86.0 90.2 
X RP 39.6 52.2 66.5 76.9 70.3 75.4 74.4 79.6 76.5 
X RC 44.3 51.6 67.1 66.7 76.1 87.9 77.3 94.5 86.9 
Table 19. (C ontinued) 
Environment 
Entry 5 2 9 8 1 6 3 7 4 
îHiree-•way crosses 
(AK X EM) X ET 52.9 50.9 69.7 75.7 66.8 69.0 73.5 81.2 81.4 
X RE 46.2 50.6 67.0 67.8 65.3 70.1 71.7 73.1 74.6 
X BP 43.5 48.5 60.0 67.5 66.3 66.6 64.7 67.4 69.8 
z EC 43.6 49.9 62.5 64.7 65.8 73.8 84.4 75.6 84.2 
(AK X BW) X BT 60.8 48.1 67.4 70.9 77.2 68.7 73.3 71.0 70.8 
X BE 48.8 49.2 64.5 69.2 72.6 72.4 71.0 82.5 77.2 
X BP 52.7 52.3 58.8 67.2 62.4 65.2 69.8 66.2 71.8 
X EC 43.2 49.1 71.9 72.4 70.4 76.7 73.0 80.9 82.0 
(AK X BE) z BT 53.2 53.2 68.5 70.3 79.0 76.7 80.5 81.5 81.2 
X RR 44,2 52.1 75.1 65.4 71.6 69.8 76.7 71.7 87.0 
z RP 44.8 49.8 61.8 72.8 67.6 68.3 71.9 85.5 90.2 
z RC 41.0 48.6 75.8 73.1 68.5 76,0 81.7 87.3 84,8 
(AM X BK) z RT 50.9 53.4 71.3 66.3 65.5 71.1 72.7 78.5 82,3 
X RR 38.5 47.5 61.2 62,6 71.8 67.4 74.4 72.3 78.7 
z RP 53.5 53.9 64.3 67.0 62.7 64.1 66,9 71.7 73.5 
z RC 47.9 55.8 73.9 62.1 74.4 81.2 70.0 76.3 79.2 
(AM X BW) z RT 52.0 53.2 60.8 64.3 65.7 66.1 67.1 71.7 75.8 
X RR 45 #6 47.0 61.5 51.1 65.4 66.1 75.7 68.1 75.8 
z RP 45.0 50.4 53.6 64,6 60.0 61.9 65,5 60.7 65.1 
z RC 41.8 51.7 69.5 70.0 71.2 69.5 72.5 70.5 74.5 
(AM X BE) z RT 52.9 54.9 67.6 70.2 69.1 73.7 78.8 79.1 90.4 
z RR 46.1 53.2 62.4 68.0 64.2 68,0 69.6 76.4 77.6 
z RP 35.2 48.2 50.3 57.4 67.9 75.0 69.3 72.0 67.8 
X RC 35.9 46.9 63.3 64.3 71.2 76,6 71.1 83.5 78.9 
Table 19, (Continued) 
Environment 
Entry 5 2 9 8 1 6 3 7 4 
(AW X BK) X RT 53.8 55.8 67.7 73.4 67.0 68.5 68.4 74.5 77.1 
X RR 42.6 50.5 66.2 58.6 71.5 71.3 65.3 75.4 80.9 
X RP 44.5 53.7 60.8 67.9 62.3 65.8 70.1 71.4 67.4 
X RC 49.1 52.6 69.6 81.1 74.1 75.7 77.7 81.4 82.0 
(AW X BM) X RT 54.4 57.3 64.0 70.7 67.7 67.0 71.5 67.2 67.0 
X RR 40.7 47.7 55.4 59.2 67.2 64.5 71.3 75.2 72.7 
X RP 55.5 53.3 63.4 63.4 63.8 69.7 67.2 67.8 72.4 
X RC 38.9 47.4 64.8 71.3 67.9 77.6 75.6 79.3 78.7 
(AW X BR) X RT 48.8 51.3 72.4 61.3 68.6 69.8 75.5 78.4 79.7 
X RR 41.8 47.2 60,2 69.5 69.4 73.8 68.9 67.6 76.2 
X RP 40.8 46.0 64.8 66.3 60.1 71.3 69.4 74.6 76.4 
X RC 35.6 50.2 73.1 61.7 75.0 82.0 74.1 92.3 82.5 
(AR X BK) X RT 55.6 60 9 8 71.3 77.2 66.6 78.3 81.9 84.2 91.0 
X RR 39.1 53.9 71.1 69.6 70.9 71.3 72.0 86.6 83.5 
X RP 46.0 51.7 62.0 69.4 70.8 71.1 74.0 70.0 70.9 
X RC 47.4 51.9 72.2 77.5 76.9 79.1 76.4 89.8 90.0 
(AR X BM) X RT 53.9 53.4 72.8 72.7 69.5 71.6 79.1 73.2 83.2 
X RR 38.8 48.7 66.2 58.4 68.0 72.2 72.4 80.0 77.7 
X RP 44.8 53.5 62.1 68.1 65.3 70.0 71.7 70.6 80.2 
X RC 44.3 55.2 73.0 64.0 70.0 76.3 77.8 84.2 89.4 
(AR X BW) X RT 57.3 53.2 60.9 76.8 66.7 75.5 74.9 77.0 75.8 
X RR 39.8 50.3 66.9 72.0 64.1 74.0 73.5 86.0 73.9 
X RP 39.7 51.2 64.1 64.9 64.2 68.1 70.3 71.0 72.3 
X RC 43.1 46.2 58.4 80.0 70.5 82.0 72.0 91.5 77.9 
Table 20, (Continued) 
Three-way ^yielF"^ Predicted yield (q/ha) 
hybrid (q/ha) Method 1 Method 2 Method 3 Method 4 Method 5 
(AW X BK) X RT 67.4 69.8 65.7 69.0 53.2 54.2 
X RR 64,7 65.7 64.5 66.8 54.7 55.8 
X RP 62,6 64.3 63.2 64.2 53.4 54.5 
X RC 71.5 70.1 67.0 69.9 55.4 56.4 
(AW X BM) X RT 65.2 66.3 65.4 65.3 53.1 54.1 
X RR 6l, 6 62.2 64,1 61.2 54.6 55.7 
X RP 64,1 60.8 62.8 60.8 53.3 54.3 
X RC 66,8 66,6 66.6 67,1 55.3 56.3 
(AW X BR) X RT 67.3 70,3 67.2 70.2 55.1 56.3 
X RR 63.9 66.2 65.9 66,9 56.7 57.7 
X RP 63.2 64, 9 64.6 64.8 55.3 56.4 
X RC 69.6 70,6 68.4 70.1 57.3 58.3 
(AR X BK) X RT 74.1 72.5 67.1 73.4 54.2 55.9 
X RR 68.7 68,5 65.8 68.0 55.8 57.4 
X RP 65.1 67.1 64.5 67.2 54.4 56,1 
X RC 73.5 72.8 68,3 72,3 56.4 58.0 
(AR X BM) X RT 69.9 69.0 66,7 69.8 54,1 55.8 
X RR 64.7 65.0 65.5 63.9 55.7 57.3 
X RP 65.1 63.6 64.1 63.8 54.3 56.0 
X RC 70.5 69.3 68,0 69.5 56.3 57.9 
(AR X BW) X RT 68.7 70.3 67.2 70.2 54.5 56.1 
X RR 66,7 66.2 65.9 66,9 56.1 57.7 
X RP 62.9 64.9 64,6 64,8 54.7 56.4 
X RC 69.0 70.6 68.4 70,1 56.7 58.3 
Table 21. Observed and predicted regression coefficients of three-way hybrids 
mree-way regression Predicted regression coefficient 
hybrid coefficient Method 1 Method 2 Method 3 Method 4- Method 5 
(AK X BM) X RT 0.92 0.52 0.84 0.76 0.76 0.73 
X RR 0.88 0.93 1.15 1.13 0.98 0.95 
X RP 0.80 0.69 0.95 0.88 0.81 0.79 
X RC 1.18 0.93 1.20 1.15 1.07 1.05 
(AK X BW) X RT 0.58 0.55 0.84 0.76 0.73 0.71 
X RR 1.01 0.95 1.12 1.11 0.95 0.93 
X RP 0.58 0.71 0.91 0,87 0.78 0.76 
X RC 1.19 0.95 1.16 1.27 I0O5 1.02 
(AK X BR) X RT 0.99 0.91 0.94 0.86 0.87 0.84 
X RR 1.06 1.31 1.25 1.44 1.09 1.06 
X RP 1.25 1.07 1.04 0.92 0.92 0.90 
X RC 1.39 1.31 1.29 1.37 1.18 1.16 
(AM X BK) X RT 0.89 0.52 0.84 0.76 0.75 0.73 
X RR 1.14 0.93 1.15 1.13 0.97 0.95 
X RP 0.59 0.69 0.95 0.88 0.81 0.79 
X RC 0.90 0.93 1.20 1.15 1.07 1.05 
(AM X BW) X RT 0.67 0.75 0.81 0.79 0.73 0.71 
X RR 0.89 1.16 1.11 1.02 0.95 0.93 
X RP 0.58 0.92 0.91 1.07 0.78 0.76 
X RC 0.94 1.16 1.16 1.10 1.04 1.02 
(AM X BR) X RT 1,00 1.11 0.93 0,91 0.86 0.84 
X RR 0.89 1.52 1.24 1,35 1.08 1.06 
X RP 1.07 1.28 1.04 1.11 0.92 0.90 
X RC 1.35 1.52 1.29 1.20 1.18 1.16 
Table 21, (Continued) 
Three-way reg^HîL Prealoted regression coefficient 
hybrid coefficient Method 1 Method 2 Method 3 Method 4 Method 5 

















































































































































Table 22. Observed and predicted deviation mean squares of 
three-way hybrids 
Three-way devSwon Predicted deviation M.S. 
hybrid M.S. Method 3 Method 4 Method 5 

































































































































































Table 22. (Continued) 
Three-«ay de?l^îon Predicted deviation M.S^ 
hybrid M.S. Method 3 Method 4 Method 5 
(AW X BR) X RT 31.8 39.9 58.7 44.4 
X RR 34.6 30.6 80.5 66.3 
X RP 15.9 47.5 54.8 40.5 
X RC 75.4 53.2 62.1 47.8 
(AR X BK) X RT 41.1 58.4 34.6 40.9 
X RR 28.1 23.7 56.4 62.7 
X RP 22.8 38.9 30.6 36.9 
X RC 12.6 58.5 38.0 44.3 
(AR X BM) X RT 31.4 41.3 55.7 61,9 
X RR 25.4 33.1 77.5 83.8 
X RP 17.7 29.1 51.7 58.0 
X RC 38.4 43.4 59.0 65.3 
(AR X BW) X RT 45.2 39.9 38.2 44.4 
X RR 38.8 30.6 60.0 66.3 
X RP 10.8 47.5 34.2 40.5 
X RC 100.1 53.2 41.5 47.8 
